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Abstract	
	
The	role	of	aerosols	in	cloud	formation	and	lifetime	is	the	largest	source	of	uncertainty	in	the	
Earth's	 radiative	 budget.	 Contrary	 to	 the	 warming	 effect	 of	 greenhouse	 gases,	 aerosols	
typically	have	a	cooling	effect	due	to	their	ability	to	nucleate	cloud	droplets	that	reflect	solar	
radiation.	The	ability	of	an	aerosol	particle	to	act	as	a	cloud	condensation	nucleus	depends	
on	 its	 size	 and	 composition.	 These	 parameters	 are,	 in	 turn,	 determined	 by	 their	 source.	
Uncertainties	in	global	climate	models	arise	due	to	poor	quantification	of	cloud	condensation	
nuclei	sources.	These	uncertainties	need	to	be	further	constrained	in	order	to	make	accurate	
climate	model	predictions	into	the	future. 
  
The	purpose	of	this	study	was	to	investigate	the	water	uptake	and	composition	of	sea	spray	
aerosol	emitted	from	Great	Barrier	Reef	waters	and	smoke	emissions	from	north	Australian	
savannah	 fires.	 These	 are	 two	 poorly	 understand	 natural	 sources	 of	 cloud	 condensation	
nuclei.	 The	 characterisation	 of	 these	 emissions	 will	 contribute	 towards	 reducing	 climate	
model	uncertainties	associated	with	cloud-aerosol	interactions. 
  
Sea	spray	aerosol	emitted	from	water	samples	collected	from	with	Heron	Island	in	the	Great	
Barrier	Reef	during	the	2011	winter	were	found	to	be	made	up	of	an	internal	mixture	of	sea	
salt,	 semi-volatile	 organic	 and	 non-volatile	 (below	 550	 °C)	 organic	 compounds.	 Despite	
significant	 variations	 in	 water-phase	 chlorophyll-a	 and	 dissolved	 organic	 carbon	
concentrations,	a	relatively	constant	semi-volatile	organic	volume	fraction	of	10%	to	13%	was	
observed	for	60	nm	sea	spray	aerosol.	Volume	fractions	of	non-volatile	organics	varied	from	
29%	to	49%.	The	presence	of	these	organics	were	estimated	to	reduce	cloud	condensation	
nuclei	concentrations	by	up	to	14%	when	compared	with	pure	sea	salt	particles.	Furthermore,	
a	sea	salt	calibration	was	applied	so	that	a	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	
could	be	used	to	quantify	the	contribution	of	sea	salt	to	sub-micron	sea	spray	aerosol.	This	
yielded	 organic	 volume	 fractions	 between	 3%-6%.	 Overall,	 these	 results	 indicate	 a	 high	
fraction	of	organics	associated	with	wintertime	ultrafine	sea	spray	aerosol	generated	from	
Great	Barrier	Reef	seawater.		
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In	order	to	investigate	the	emissions	from	savannah	fires	in	northern	Australia,	a	one-month	
field	campaign	in	the	2014	early	dry	season	was	undertaken.	The	Savannah	Fires	in	the	Early	
Dry	Season	(SAFIRED)	campaign	took	place	at	the	Australian	Tropical	Atmospheric	Research	
Station	 (ATARS),	 located	 near	 the	 north	 coast	 of	 the	 Northern	 Territory.	 This	 region	 is	
characterised	by	savannah	vegetation	and	human	settlements	are	scarce.	The	vast	majority	
of	 Australia's	 fires	 occur	 in	 this	 region	 during	 the	 dry	 season	 and	 are	 a	 combination	 of	
prescribed	 and	 accidental	 burns.	 Extensive	 instrumentation	 from	 most	 of	 Australia's	
atmospheric	 research	 institutes	 was	 operated	 during	 the	 campaign	 to	 characterise	 the	
emissions	 from	 these	 fires.	 These	 measurements	 were	 used	 to	 estimate	 savannah	 fire	
emission	 factors	 for	 greenhouse	 gases,	 volatile	 organic	 compounds,	 gaseous	 elemental	
mercury	and	sub-micron	aerosol	species,	which	are	essential	inputs	for	regional	and	global	
climate	models.	Furthermore,	these	emissions	were	found	to	be	a	very	important	source	of	
cloud	condensation	nuclei	 in	this	region,	with	extremely	elevated	concentrations	observed	
during	 periods	 of	 frequent	 or	 intense	 fires.	 Both	 the	 size	 and	 composition	 of	 the	 smoke	
particles	were	found	to	significantly	influence	the	ability	of	these	smoke	particles	to	act	as	
cloud	condensation	nuclei.		On	average,	the	change	in	smoke	composition	during	the	day	due	
to	 the	 photochemical	 oxidation	 of	 organic	 compounds	 led	 to	 an	 increase	 in	 CCN	
concentrations	by	20%.	Trade	winds	carry	this	smoke	over	the	Timor	Sea	where	aerosol-cloud	
interactions	are	likely	be	sensitive	to	small	changes	in	CCN	concentrations,	perturbing	cloud	
albedo	and	lifetime.	Dry	season	fires	and	the	aging	of	their	emissions	in	north	Australia	are	
therefore	very	important	in	cloud	processes	within	this	region.		
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Abbreviations	
ACSM:	Aerosol	Chemical	Speciation	Monitor	
AMS:	Aerosol	Mass	Spectrometer	
ARADD:	Automated	Regenerating	Aerosol	Diffusion	Dryer	
Art	SS:	Artificial	sea	salt	
AR5:	The	Fifth	Assessment	Report	
ATARS:	Australian	Tropical	and	Atmospheric	Research	Station	
BAM:	Beta	attenuation	monitor	
BaP:	benzo-[a]pyrene	
BB:	Biomass	burning	
BBA:	Biomass	burning	aerosol	
BBP:	Biomass	Burning	Period	
BFSP:	Brute	Force	Single	Particle	
CCN:	Cloud	condensation	nuclei	
CCNc:	Cloud	condensation	nuclei	concentration	
CCNC:	Cloud	condensation	nuclei	counter	
Chl-a:	Chlorophyll	a	
CN:	Condensation	nuclei	
CP:	Coastal	Period	
CPC:	Condensation	particle	counter	
CSIRO:	Commonwealth	Scientific	and	Industrial	Research	Organisation	
cToF-AMS:	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	
DOC:	Dissolved	organic	carbon	
DMA:	Differential	Mobility	Analyser	
DMS:	Dimethyl	sulfide	
DMT:	Droplet	Measurement	Technologies	
DNHP:	Di-n-hexyl-phthalate	
EC:	Elemental	carbon	
FTIR:	Fourier	Transform	Infrared	
GAW:	Global	Atmospheric	Watch	
GEM:	Gaseous	elemental	mercury	
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GBR:	Great	Barrier	Reef	
GOM:	Gaseous	oxidised	mercury	
HGF:	Hygroscopic	growth	factor	
HIRS:	Heron	Island	Research	Station	
HNRM:	High-resolution	Mass	Spectrometry	
HR-ToF-AMS:		
H-TDMA:	Hygroscopicity	Tandem	Differential	Mobility	Analyser	
HYSPLIT:	The	Hybrid	Single	Particle	Lagrangian	Integrated	Model	
IPCC:	Intergovernmental	Panel	on	Climate	Change	
lpm:	litres	per	minute	
MAX-DOAS:	
MCP:	Multi-channel	plate		
MODIS:	Moderate	Resolution	Imaging	Spectroradiometer	
MS:	Mass	spectra	
NAIS:	Netral	cluster	and	Air	ion	Spectrometer	
NASA:	The	National	Aeronautics	and	Space	Administration	
NIST:	National	Institute	of	Standards	and	Technology	
NMOC:	Non-methane	Organic	Compounds	
NOAA:	National	Oceanic	and	Atmospheric	Administration	
OC:	Organic	carbon	
OVF:	Organic	volume	fraction	
OMF:	Organic	mass	fraction	
PBM:	Particulate-bound	mercury	
PAH:	Polycyclic	aromatic	hydrocarbon	
PC:	Personal	computer	
PIKA:	Peak	Integration	by	Key	Analysis	
PMF:	Positive	Matrix	Fazctorisation	
PMx:	Particulate	Matter	below	X	micrometers	
PNc:	Particle	number	concentration	
POC:	Particualte	organic	carbon	
PTFE:	Polytetrafluroethylene	
PToF:	Particle	Time-of-Flight	
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PTR-MS:	Proton	Transfer	Reaction	Mass	Spectrometer	
Q-AMS:	Quadrupole	Aerosol	Mass	Spectrometer	
QUT:	Queensland	University	of	Technology	
SAFARI	2000:	Southern	African	Regional	Science	Initiative	
SAFIRED:	Savannah	Fires	in	the	Early	Dry	Season	campaign	
SMPS:	Scanning	Mobility	Particle	Sizer	
SOA:	Secondary	organic	aerosol	
SOAP:	Surface	Ocean	Aerosol	Production	campaign	
SP-AMS:	Soot	particle	Aerosol	Mass	Spectrometer	
SSA:	Sea	spray	aerosol	
Suomi	NPP:	The	Suomi	National	Polar-orbiting	Partnership	
TAG-AMS:	Thermal	Desorption	Aerosol	Gas	Chromatograph	Aerosol	Mass	Spectrometer	
TDMA:	Tandem	Differential	Mobility	Analyser	
TGM:	Total	gaseous	mercury	
TIC:	Total	inorganic	carbon	
TOC:	Total	organic	carbon	
TOF:	Time	of	Flight	
TOF-AMS:	Time	of	Flight	Aerosol	Mass	Spectrometer	
TB:	True	bearing	
UAV:	Unmanned	aerial	vehicle	
UFO-TDMA:	Ultrafine	Organic	Tandem	Differential	Mobility	Analyser	
UV:	Ultra-violet	
V-TDMA:	Volatility	-	Tandem	Differential	Mobility	Analyser	
VH-TDMA:	Volatility	and	Hygroscopicity	Tandem	Differential	Mobility	Analyser	
VIIRS:	Visible	Infrared	Imaging	Radiometer	Suite	
VFR:	Volume	Fraction	Remaining	
WIOM:	Water	insoluble	organic	material	
WMO:	World	Meteorological	Organisation	
WSOM:	Water	soluble	organic	material	
ZSR:	Zdanovskii-Stokes-Robinsons	
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Chapter	1:	Introduction	
	
1.1	Description	of	the	scientific	problem	
	
Aerosols	are	extremely	small	liquid	or	solid	particles	suspended	in	air	and	are	ubiquitous	in	
the	Earth's	atmosphere.	There	are	a	multitude	of	natural	sources	of	these	aerosols,	such	as	
volcanoes,	biomass	burning,	sea	spray	from	the	oceans	and	biogenic	emissions	from	forests	
and	 phytoplankton	 (Carslaw	 et	 al.,	 2010).	 Since	 the	 industrial	 revolution	 anthropogenic	
aerosols	 have	 also	 made	 up	 a	 significant	 contribution	 (Andreae	 and	 Rosenfeld,	 2008).	
Measuring,	understanding	and	predicting	the	properties	of	these	aerosols,	with	respect	to	
their	 sources,	 is	 an	 important	 endeavor	 as	 they	make	up	 a	 key	 component	 in	 the	 Earth's	
climate	system.		
	
Aerosols	are	well	known	to	 influence	the	climate	by	absorbing	and	scattering	the	sun	and	
Earth's	radiation	directly,	and	indirectly	by	acting	as	cloud	condensation	nuclei	(Haywood	and	
Boucher,	2000;Forster	et	al.,	2007).	Global	and	regional	models	have	been	implemented	to	
estimate	the	radiate	influence	of	aerosols.	They	produce	an	overall	cooling	effect	of	earth's	
surface,	but	the	extent	of	this	is	highly	uncertain,	in	contrast	to	the	much	better	understood	
warming	effect	of	greenhouse	gases	(IPCC,	2013).	This	high	uncertainty	exists	because	there	
is	such	an	enormous	temporospatial	variability	in	the	emissions	of	these	aerosols	from	source	
to	source	and	season	to	season	as	well	as	complexities	involving	aerosol-cloud	processes.	The	
accuracy	of	climate	models	relies	on	knowledge	gained	by	remote	sensing	and	labatory	and	
field-based	observations	of	the	production	and	behaviour	of	aerosols.	Understanding	aerosol	
characteristics	 produced	 from	 many	 sources,	 both	 natural	 and	 anthropogenic,	 is	 key	 to	
reduce	climate	model	uncertainties.	
	
Australia	is	an	interesting	region	in	terms	of	naturally	produced	aerosols.	With	a	land	area	of	
7.7	million	km2	containing	equatorial,	tropical,	subtropical,	desert,	grassland	and	temperature	
climates,	 there	 are	 many	 different	 sources	 for	 various	 terrestrial	 aerosols.	 The	 most	
significant	 of	 these	 are	 mineral	 dust,	 biomass	 burning	 and	 biogenic	 volatile	 organic	
compounds	that	can	form	secondary	organic	aerosol	(Rotstayn	et	al.,	2009).	Surrounding	the	
	 20	
continent	are	the	Indian,	Southern	and	Pacific	oceans,	hosting	vast	amounts	of	phytoplankton	
and	the	massive	Great	Barrier	Reef.	Phytoplankton,	together	with	sea	salt	through	sea-to-air	
exchange,	are	responsible	 for	 the	majority	of	global	naturally	produced	marine	aerosol	 (D	
O'Dowd	and	De	Leeuw,	2007).	
	
The	work	of	this	thesis	provides	further	insight	into	two	very	different	but	poorly	understood	
sources	 of	 natural	 aerosols	 around	Australia;	 the	Great	 Barrier	 Reef	 and	 north	Australian	
savannah	fires.	Up	until	now,	there	exists	no	observation	of	primary	marine	aerosol	formation	
from	corals	reefs	anywhere	in	the	world.	Considering	the	sheer	size	of	the	Great	Barrier	Reef,	
it	 is	 important	 to	 investigate	any	 influences	 it	might	have	on	aerosol	emissions.	Sea	spray	
aerosol	generated	from	the	wave-breaking	of	seawaters	around	the	reef	contain	sea	salt	as	
well	as	organic	constituents.	This	organic	component	of	sea	spray	aerosol	can	inhibit	water	
uptake	and	has	the	potential	to	reduce	cloud	droplet	concentrations.	
	
In	contrast	to	the	pristine	environment	of	the	Great	Barrier	Reef,	dry	season	burning	in	north	
Australia	account	for	the	vast	majority	of	the	continent's	yearly	fires	(Kasischke	and	Penner,	
2004)	and	are	responsible	for	substantial	emissions	of	aerosols	and	of	greenhouse	and	other	
trace	 gases.	 Although	 these	 aerosol	 particles	 are	 generally	 poor	 at	 taking	 on	water,	 their	
abundance	result	in	very	high	concentrations	of	cloud	droplets.	While	fires	in	this	region	have	
been	previously	studied	(Allen	et	al.,	2008;Kondo	et	al.,	2002),	there	is	little	literature	on	the	
gaseous	and	aerosol	emissions	during	the	early	dry	season.	During	this	period,	cloud	droplet	
concentrations	 are	 strongly	 linked	 to	 the	 dry	 season	 fires.	With	 trade	winds	 carrying	 the	
regional	 smoke	 over	 the	 tropical	 warm	 pool	 in	 the	 Indian	 Ocean,	 it	 is	 important	 that	 to	
understand	 the	 role	 that	 these	 fires	 have	 in	 aerosol-cloud	 processes.	 This	 will	 constrain	
uncertainties	 associated	 with	 the	 radiative	 budget	 within	 this	 region,	 which	 has	 a	 direct	
impact	on	ocean	and	atmospheric	temperatures.		
	
In	a	changing	climate,	extremely	fine-tuned	models	are	required	so	that	accurate	short-term	
and	long-term	predictions	can	be	made.	Climate	bodies,	such	as	the	Intergovernmental	Panel	
on	Climate	Change	(IPCC),	synthesize	this	information	and	inform	policy	makers	around	the	
world,	 potentially	 forming	 a	 basis	 for	 environmental,	 economic	 and	 social	 reform.	 It	 is	
therefore	crucial	to	provide	a	comprehensive	understanding	of	the	characteristics	of	these	
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source-dependent	 aerosols	 and	 their	 role	 in	 cloud	 droplet	 formation	 in	 order	 to	 reduce	
climate	model	uncertainties.	
	
1.2	Overall	aims	of	the	study	
	
The	primary	objective	of	this	study	was	to	investigate	the	influence	of	the	Great	Barrier	Reef	
and	 north	 Australian	 savannah	 fires,	 two	 of	 Australia's	 natural	 aerosol	 sources,	 on	 cloud	
condensation	nuclei.	Primary	aerosol	production	from	a	coral	reef	has	never	been	studied	
before	and	there	is	little	literature	on	the	cloud	droplet	activation	of	smoke	from	fires	in	the	
north	Australian	dry	season.	A	bubble	chamber	study	using	various	seawater	samples	from	
the	Great	Barrier	Reef	was	conducted	to	simulate	the	production	of	sea	spray	aerosol	and	the	
subsequent	aerosol	size,	composition,	volatility	and	hygroscopicity	were	investigated	to	link	
the	coral	reef	and	cloud	condensation	nuclei.	Switching	from	the	laboratory	to	the	field,	a	
large	 scale	 measurement	 campaign	 in	 north	 Australia	 during	 the	 annual	 dry	 season	 was	
conducted	to	investigate	the	emission	of	greenhouse	gases	and	aerosols	from	the	extensive	
fires	that	occur	in	the	top	half	of	the	continent.	While	all	of	these	measurements	during	the	
field	campaign	were	discussed	and	summarized,	there	was	a	particular	focus,	in	this	study,	on	
the	ability	of	the	smoke	from	these	fires	to	act	as	cloud	condensation	nuclei.		
	
1.3	Specific	objectives	of	the	study	
	
The	specific	objectives	of	this	study	were	to:	
	
• Investigate	 the	 composition,	 volatility	 and	 hygroscopicity	 of	 submicron	 sea	 spray	
aerosol	generated	from	Great	Barrier	Reef	seawater	and	to	link	these	parameters	in	
the	context	of	cloud	droplet	activation.	
• Investigate	any	potential	links	between	organic	content	in	Great	Barrier	Reef	seawater	
(chlorophyll-a,	total	organic	carbon)	and	the	organic	components	of	sea	spray	aerosol.	
• Use	a	compact	Time-of	Flight	Aerosol	Mass	Spectrometer	to	quantify	sea	salt	mass	
concentrations	 in	 sea	 spray	 aerosol	 and	 to	 assess	 the	 suitability	 of	 this,	 and	other	
instrumental	techniques,	in	sea	spray	aerosol	measurements.	
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• Investigate	 the	 location	 and	 frequency	 of	 fires	 during	 the	 dry	 season	 in	 northern	
Australia	and	to	link	these	with	the	emission	of	major	greenhouse	gases	and	aerosols.		
• Investigate	cloud	droplet	concentrations	in	north	Australia	and	determine	any	links	to	
the	dry	season	fires.	
• Investigate	the	size,	composition,	organic	oxidation	and	hygroscopicity	of	smoke	from	
north	Australian	fires	in	the	dry	season	
• Model	the	CCN	concentrations	due	to	north	Australian	fires	based	on	the	composition	
and	size	distribution	of	smoke	particles	
	
1.4	Account	of	scientific	progress	linking	the	scientific	papers	
	
This	thesis	contains	the	papers	and	manuscripts	that	were	designed	to	address	the	overall	
and	specific	objectives	of	this	study.			
	
The	first	paper,	Sea	spray	aerosol	in	the	Great	Barrier	Reef	and	the	presence	of	non-volatile	
organics	 has	 been	 accepted	 for	 publication	 in	 the	 Journal	 of	 Geophysical	 Research	 -	
Atmospheres	and	makes	up	Chapter	3	of	this	thesis.	This	paper	reports	the	composition	of	
submicron	sea	spray	aerosol	generated	from	Great	Barrier	Reef	seawater	and	links	this	with	
the	water	 uptake	 of	 these	 particles.	 This	 study	was	 a	 laboratory-based	 investigation	 that	
allowed	an	isolated	and	close	look	at	these	natural	processes.	The	potential	impact	that	these	
particles	have	on	cloud	droplet	activation	were	discussed.	
	
The	second	paper,	Biomass	burning	emissions	in	north	Australia	during	the	early	dry	season:	
an	overview	of	 the	 SAFIRED	 campaign	 has	been	 submitted	 for	publication	 in	Atmospheric	
Chemistry	and	Physics	and	makes	up	Chapter	4	of	this	thesis.	This	paper	summarises	all	of	the	
measurements	 and	 expected	 outcomes	 of	 the	 SAFIRED	 campaign,	 a	 month-long	 field	
campaign	in	the	north	Australian	dry	season	when	fires	are	very	frequent	and	wide-spread.	
Using	 satellite	 imagery,	 a	 multitude	 of	 ground-based	 instrumentation	 and	 air-mass	 back	
trajectories,	 links	between	these	dry	season	fires	and	the	emissions	of	major	gaseous	and	
aerosol	species	were	made.		
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The	third	paper,	Composition,	size	and	cloud	condensation	nuclei	activity	of	smoke	from	north	
Australian	savannah	fires	has	been	submitted	for	publication	in	Atmospheric	Chemistry	and	
Physics	and	makes	up	Chapter	5	of	this	thesis.	This	paper	contains	a	more	specific	and	detailed	
look	at	the	water	uptake	of	smoke	particles	during	the	SAFIRED	campaign	outlined	in	Chapter	
4.	A	clear	link	between	dry	season	fires	and	cloud	condensation	nuclei	was	established.	This	
study	is	somewhat	analogous	to	the	first	paper	in	that	it	also	links	the	composition	and	the	
water	uptake	of	aerosol	particles,	although	in	the	context	of	smoke	from	biomass	burning.	
While	 the	 results	 from	 Chapter	 3	 are	 from	 a	 laboratory-based	 study,	 this	 paper	 presents	
results	 from	a	 field	campaign,	which	has	benefits	and	drawbacks.	While	details	about	 the	
specific	 emissions	 from	 individual	 fires	 and	 how	 the	 composition	 and	 subsequent	 water	
uptake	evolve	over	time	cannot	easily	be	ascertained,	as	it	can	be	in	laboratory	studies,	real	
observations	of	the	CCN	from	smoke	in	this	region	is	valuable.	
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Chapter	2:	Literature	Review	
This	literature	review	will	summarise	the	the	role	that	aerosols	and	cloud	condensation	nuclei	
play	within	Earth's	atmosphere,	as	well	as	the	major	sources	of	these	atmospheric	particles.	
A	particular	focus	will	be	placed	on	the	formation	and	the	physical	and	chemical	properties	
of	 biomass	 burning	 and	 sea	 spray	 aerosol,	 as	 these	 are	 the	 most	 relevant	 to	 the	 work	
presented	in	this	thesis.	The	microphysical	processes	involved	in	cloud	droplet	formation	in	
relation	to	aerosol	size	and	composition	will	be	reviewed.	This	will	be	followed	by	a	discussion	
of	the	most	useful	and	conventional	quantities	used	to	characterise	atmospheric	aerosol	and	
the	instrumental	techniques	that	are	implemented	to	measure	these.	Again,	a	specific	focus	
will	 be	 placed	 on	 the	 instruments	 relevant	 to	 this	 project.	 This	 review	 will	 end	 with	 a	
discussion	 on	 the	 gaps	 in	 knowledge,	 particularly	 pertaining	 to	 the	 natural	 emission	 of	
aerosols	within	Australia.	
	
2.1	Aerosols	
	
Aerosols	are	small	liquid	or	solid	particles	suspended	in	air.	Their	size,	shape,	composition	and	
concentration	can	vary	drastically	depending	on	their	source	and	how	they	age	in	different	
parts	 of	 the	 atmosphere.	 Aerosol	 particles	 are	 typically	 very	 small,	 ranging	 from	 a	 few	
nanometres	up	to	micrometres	in	size.	Some	are	formed	by	the	condensation	of	atmospheric	
vapours,	which	can	then	grow	up	to	tens	of	nanometres.	Particles	within	this	size	range	are	
classified	 as	 nucleation	 or	 Aitken	 mode	 particles.	 Aerosol	 particles	 that	 have	 undergone	
further	growth	via	condensation	or	coagulation	are	of	the	order	of	hundreds	of	nanometres	
and	 are	 known	 as	 accumulation	 mode	 particles.	 Other	 particles	 are	 generated	 from	
mechanical	processes,	such	as	dust	upwelling,	sea	spray	wind	sheer	or	from	volcanic	activity	
and	are	generally	of	the	order	of	micrometres	in	size.	Particles	that	are	already	formed	when	
emitted	into	the	air	are	often	referred	to	as	primary	aerosols,	while	those	that	are	formed	
through	the	condensation	of	vapours	and	evolution	of	primary	particles	are	referred	to	as	
secondary	aerosols.	Although	most	of	the	aerosol	particles	in	the	atmosphere	are	within	the	
Aitken	 and	 accumulation	 modes,	 the	 vast	 majority	 of	 the	 particle	 volume	 and	 mass	 is	
contained	within	 the	upper	accumulation	and	coarse	modes.	The	smaller,	more	abundant	
particles	are	the	most	relevant	for	health	impacts	due	to	their	ability	to	penetrate	deep	within	
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the	lungs	and	into	the	bloodstream.	Aitken	and	accumulation	mode	particles	are	also	relevant	
for	aerosol-cloud	interactions,	as	each	particle	has	the	potential	to	form	a	cloud	droplet.	The	
size	distribution	of	particles	is	one	of	most	important	characterisations	within	aerosol	science.	
	
Figure	2-1	The	number,	surface	area	and	volume	size	distributions	for	a	hypothetical	aerosol	population.		
The	composition	of	aerosol	particles	can	also	vary	drastically.	Mineral	dust,	sea	spray	aerosol,	
smoke	and	industrially	generated	particles,	for	example,	all	have	very	different	compositions	
and	 will	 be	 discussed	 later.	 Furthermore,	 an	 aerosol	 population	 can	 contain	 particles	 of	
different	 sources	 or	 compositions,	 even	 at	 a	 particular	 size.	 This	 is	 known	 as	 an	 external	
mixture,	whereas	a	population	comprised	of	particles	of	the	same	composition	is	an	internal	
mixture.	While	the	size	distribution	of	an	aerosol	sample	is	a	very	important	measurement,	
particle	composition	is	also	of	importance	in	health	and	climate	processes.	The	relationship	
between	particle	size,	composition	and	cloud	nucleating	potential	will	be	discussed	in	detail	
in	Section	2.4.	
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2.2	Radiative	budget	and	the	role	of	cloud	condensation	nuclei	
	
The	radiative	budget	describes	the	balance	of	incoming	and	outgoing	radiation	from	earth's	
atmosphere.	 The	 radiative	 budget,	 and	 all	 of	 the	 components	 of	 the	 earth's	 atmosphere,	
oceans	and	land	that	influence	it,	will	ultimately	determine	the	temperature	at	earth's	surface	
that.	Greenhouse	gases	allow	solar	 (shortwave)	 radiation	 to	pass	but	absorb	 the	outgoing	
terrestrial	 (longwave)	 radiation,	 thereby	 resulting	 in	 a	 warming	 effect.	 This	 so	 called	
greenhouse	effect	is	well	known	due	to	the	growing	concern	of	anthropogenic	greenhouse	
gas	emissions.	Aerosols	also	play	an	 important	 role	 in	 the	 radiative	budget.	 In	contrast	 to	
greenhouse	gases,	these	aerosol	particles	typically	scatter	solar	radiation,	inducing	a	cooling	
effect.	Furthermore,	these	particles	are	also	essential	in	the	formation	of	clouds,	which	also	
cool	the	earth	by	reflecting	solar	radiation.	Due	to	the	complexity	and	variability	in	aerosol	
properties,	 estimates	of	 the	 global	 radiative	 forcing	due	 to	 aerosol-radiation	 and	aerosol-
cloud	 interaction	 are	 the	 least	 constrained.	 The	AR5,	 the	 latest	 assessment	 report	 by	 the	
Intergovernmental	 Panel	 on	 Climate	 Change	 (IPCC),	 estimate	 that	 the	 effective	 radiative	
forcing	 due	 to	 greenhouse	 gases,	 aerosol-radiative	 interactions	 and	 aerosol-cloud	
interactions	is	2.83	(2.26	to	3.40)	W	m-2,	-0.45	(-0.95	to	+0.05)	W	m-2	and	-0.45	(-1.2	to	0.0)	W	
m-2,	 respectively	 (Myhre	 et	 al.,	 2013).	 Of	 all	 of	 the	 forcing	 estimates,	 aerosol-cloud	
interactions	are	given	the	lowest	confidence	level	due	to	a	"variety	of	different	observational	
evidence	 and	modelling	 activities"	 and	 a	 "spread	 in	 the	model	 estimate	 of	 [the	 effective	
radiative	 forcing]	 and	 differences	 between	 observations	 and	models	 results".	 In	 order	 to	
understand	 the	 current	 climate	 system	and	make	 accurate	 and	precise	predictions	of	 the	
future	 climate,	 every	 component	 that	 has	 a	 role	 in	 the	 radiative	 balance	 must	 be	 fully	
understood.	 Addressing	 the	 large	 uncertainties	 associated	with	 aerosol-cloud	 interactions	
can	 be	 achieved	 by	 improving	 model	 estimates	 by	 understanding	 the	 fundamental	
interactions	 between	 aerosols	 and	 clouds	 and	 by	 collecting	 more	 observational	
measurements	from	as	many	locations	as	possible.	Part	of	this	process	will	 include	gaining	
further	insights	into	the	sources	of	aerosols	that	are	involved	in	aerosol-cloud	interactions.	
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Cloud	condensation	nuclei	(CCN)	are	small	liquid	or	solid	aerosol	particles	that	are	essential	
in	the	formation	of	clouds	in	earth's	atmosphere.	Their	abundance	and	physical	and	chemical	
properties	can	vary	drastically	depending	on	their	source	and	how	they	age.	The	ability	of	an	
aerosol	 particle	 to	 act	 as	 a	 CCN	 is	 determined	 by	 these	 properties.	 The	 number	 of	 CCN,	
together	with	 the	availability	of	water	vapour,	dictate	 the	 type,	 lifetime	and	whiteness	of	
clouds	 (Haywood	 and	 Boucher	 (2000);	 see	 Figure	 2-2).	 These	 cloud	 properties	 directly	
influence	precipitation	and	play	an	important	part	in	cooling	the	earth's	surface	by	reflecting	
solar	radiation.	It	is	therefore	crucial	that	there	is	a	strong	understanding	of	the	sources	of	
aerosols	 that	 can	 act	 as	 CCN.	 Changes	 in	 cloud	 properties	 are	more	 sensitive	 when	 CCN	
concentrations	are	low,	which	is	typical	in	clean	and	marine	environments	(Twomey,	1991).		
	
	
Figure	2-2	A	schematic	of	the	aerosol	indirect	effects.	An	increase	in	the	cloud	droplet	number	concentration	(CDNC)	
results	in	more	reflective	clouds	as	well	drizzle	suppression,	leading	to	an	increase	in	liquid	water	content	(LWC).	This	
figure	has	taken	from	Haywood	and	Boucher	(2000)	with	permission.	
2.3	Sources	of	CCN	
	
There	are	many	natural	and	anthropogenic	sources	of	aerosol	particles	that	can	potentially	
act	as	CCN.		It	is	estimated	that	natural	sources	are	responsible	for	a	third	up	to	three	quarters	
of	atmospheric	CCN	concentrations	(Boucher	et	al.,	2013).	Figure	2-3	displays	an	estimate	of	
the	global	aerosol	burden,	aerosol	optical	depth	and	the	radiative	effect	of	these	aerosols,	
both	 directly	 and	 indirectly	 due	 to	 cloud	 albedo,	 for	most	 of	 the	major	 types	 of	 natural	
aerosols	(Rap	et	al.,	2013).	The	mass	burden	of	sea	salt	is	ubiquitous	over	the	world's	oceans	
Natural	aerosols	around	Australia	are	diverse.	Because	 the	entire	continental	perimeter	 is	
coastline,	 sea	 salt	 and	 DMS	 sulphate	 are	 important	 marine	 aerosols	 in	 this	 region.	
Furthermore,	there	are	frequent	fires,	particularly	in	the	northern	regions	of	Australia,	which	
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give	rise	to	high	concentrations	of	wildfire	aerosols.	Aerosols	from	biogenic	vapours	are	also	
present	across	Australia	due	to	the	abundance	of	forest	vegetation	(Maleknia	et	al.,	2007).	
Much	of	central	Australia	is	covered	by	desert,	which	is	a	major	source	of	mineral	dust	aerosol	
(Tanaka	and	Chiba,	2006).			
	
Figure	2-3	Annual	mean	all-sky	aerosol	burden,	aerosol	optical	depth	at	0.55	µm,	direct	and	cloud	albedo	net	radiative	
(a)	forcing	and	(b-f)	effect	for	anthropogenic	(a)	and	natural	aerosol	sources	(b-f)	in	the	present	day	atmosphere.	Values	
above	each	panel	are	global	means,	with	values	in	brackets	showing	Northern	and	Southern	Hemisphere	means,	
respectively.	This	figure	has	been	taken	from	Rap	et	al.	(2013)	with	permission.	
2.3.1	Biomass	burning	
Biomass	 burning	 is	 a	 major	 contributor	 of	 trace	 gases	 and	 aerosols	 to	 the	 atmosphere	
(Andreae	and	Merlet,	2001).	While	CO2	is	the	primary	product	of	biomass	burning,	incomplete	
combustion	also	results	in	the	emission	of	many	other	trace	gases	such	as	CO,	CH4,	NOx,	N2O	
as	well	as	non-methane	organic	compounds.	Biomass	burning	aerosol	 is	formed	very	soon	
after	 the	point	of	emission	as	 some	of	 these	gases	condense	 to	 form	small	 liquid	or	 solid	
aerosol	particles.	These	particles	are	typically	a	mixture	of	black	carbon	(soot),	various	forms	
of	organic	carbon	and	small	amounts	of	inorganic	material	that	can	also	be	present	in	or	on	
the	vegetation	in	trace	amounts.	After	a	rapid	growth	period	within	seconds	to	minutes,	the	
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majority	of	the	aerosol	mass	is	contained	in	accumulation	mode	particles	(Reid	et	al.,	2005	
and	references	within).	These	smoke	particles	can	influence	the	atmosphere	by	absorbing	or	
scattering	light,	and	acting	as	CCN.	The	extent	to	which	this	happens	is	subject	to	the	size	and	
composition	of	the	smoke	particles.	These	are	extremely	variable	and	depend	on	the	fuel,	
burning	 intensity	 and	meteorological	 conditions.	 The	 smoke	 can	 continue	 to	 evolve	 as	 it	
spends	longer	in	the	atmosphere,	which	can	further	alter	the	size,	composition	and	radiative	
properties	(Liousse	et	al.,	1995;Janhäll	et	al.,	2010).	For	example,	Figure	2-4	shows	that	"aged"	
smoke	can	much	larger	than	fresh	smoke	for	an	average	of	size	distributions	taken	from	many	
different	 vegetation	 fires.	 The	 global	 average	 radiative	 forcing	 due	 to	 biomass	 burning	
aerosol-radiation	 interaction	 is	estimated	 in	the	5th	 International	Panel	on	Climate	Change	
report	as	0.0	W	m-2	with	an	uncertainty	range	of	-0.20	to	+0.20	Wm-2	(Boucher	et	al.,	2013).	
	
Figure	2-4	The	geometric	mean	diameter	versus	the	geometric	standard	deviation	for	published	fresh	and	aged	smoke	
data.	This	figure	was	taken	from	Janhäll	et	al.	(2010)	under	the	Creative	Commons	Attribution	3.0	Licence.	
In	addition	to	the	size	of	biomass	burning	aerosols,	their	composition	can	influence	how	they	
interact	 with	 solar	 and	 terrestrial	 radiation.	 Some	 carbonaceous	 material	 formed	 by	
incomplete	 combustion	 can	 strongly	 absorb	 solar	 radiation	while	 organic	 carbon	 typically	
scatters	 solar	 radiation	 (Penner	 et	 al.,	 1998).	 Biomass	 burning	 aerosols	 can	 act	 as	 cloud	
condensation	nuclei	if	they	are	large	enough	for	water	to	easily	condense	onto	their	surface,	
or	 if	 the	 particles	 have	 a	 large	 affinity	 for	 water	 due	 to	 their	 composition	 (Novakov	 and	
Corrigan,	1996).	Despite	typically	being	composed	of	weakly	hygroscopic	substances,	biomass	
burning	aerosol	has	been	shown	to	be	a	significant	source	of	CCN	due	to	the	high	number	of	
particles	emitted		(Lawson	et	al.,	2015).	An	increase	in	cloud	condensation	nuclei	can	lead	to	
smaller	cloud	droplets,	increasing	cloud	albedo.	Additionally,	cloud	lifetime	can	be	increased	
by	 either	 delaying	 precipitation,	 or	 decreased	 by	 evaporation-entrainment	 feedback.	 The	
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resultant	 effect	 of	 biomass	 burning	 aerosol	 on	 radiative	 forcing	 is	 unclear	 due	 to	 these	
competing	processes.	Not	all	biomass	burning	aerosol	will	interact	with	radiation	in	the	same	
way.	For	example,	fresh	BB	emissions	in	the	tropics	have	been	observed	to	be	more	absorbing	
than	those	from	boreal	forest	fires(Wong	and	Li,	2002).		The	effect	of	biomass	burning	aerosol	
on	cloud-radiation	interaction	is	extremely	difficult	to	quantify	and	measurements	from	as	
many	regions	as	possible	are	necessary	to	reduce	model	uncertainties.	
	
Atmospheric	 chemistry	 and	 radiative	 forcing	 will	 depend	 on	 how	 gaseous	 and	 aerosol	
emissions	from	fires	age	as	they	move	and	interact	with	each	other	and	existing	species	in	the	
atmosphere.	 Biomass	 burning	 aerosols	 can	 be	 involved	 in	 condensation	 and	 coagulation	
(Radhi	 et	 al.,	 2012),	 undergo	 water	 uptake	 (Mochida	 and	 Kawamura,	 2004)	 form	 cloud	
droplets	(Novakov	and	Corrigan,	1996),	and	be	exposed	to	photochemical	aging	processes,	
including	 those	 involving	 the	 gaseous	 components	 of	 fire	 emissions	 (Keywood	 et	 al.,	
2011;Keywood	et	al.,	2015).	With	a	reported	lifetime	of	3.8	± 0.8	days	(Edwards	et	al.,	2006),	
biomass	burning	aerosols	are	able	to	travel	intercontinental	distances	(Rosen	et	al.,	2000)	and	
are	therefore	present	in	the	atmosphere	long	enough	for	substantial	changes	due	to	aging.		
	
Primary	 organic	 aerosol	 directly	 emitted	 from	 biomass	 burning	 can	 interact	 with	 non-
methane	 organic	 compounds	 (NMOCs)	 to	 change	 composition	 and	 mass,	 resulting	 in	
secondary	organic	aerosol	(Hallquist	et	al.,	2009).	Photochemical	oxidation	of	NMOCs	occurs	
during	the	daytime	by	either	hydroxyl	radicals	or	ozone.	Ozone	is	also	typically	produced	in	
the	aging	processes	of	tropical	biomass	burning	plumes	when	NMOCs	can	oxidise	to	produce	
peroxy	 radicals	 that	 react	 with	 NO.	 Photochemical	 reactions	 also	may	 lead	 to	 an	 overall	
increase	 in	 total	aerosol	mass	 through	the	condensation	of	NMOCs	onto	existing	particles	
(Reid	et	al.,	1998;Yokelson	et	al.,	2009;Akagi	et	al.,	2012;DeCarlo	et	al.,	2008).	Some	studies	
have	 shown	 the	opposite,	 i.e.,	 	photo-oxidation	can	also	 lead	 to	 the	evaporation	of	 some	
primary	 organic	 constituents,	 resulting	 in	 an	 overall	 mass	 reduction	 (Hennigan	 et	 al.,	
2011;Akagi	et	al.,	2012).	With	thousands	of	organic	compounds	in	the	atmosphere,	each	with	
different	 volatilities	 and	 potential	 reaction	 mechanisms,	 our	 understanding	 of	 secondary	
organic	aerosol	production	 is	 limited	 (Goldstein	and	Galbally,	2007;Keywood	et	al.,	2011).	
Furthermore,	 secondary	 organic	 aerosol	 can	 also	 form	 through	 aqueous	 phase	 reactions	
where	water-soluble	organics	dissolve	into	water	on	existing	particles	(Lim	et	al.,	2010).	
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The	water	uptake	by	aerosols	 is	determined	by	 their	 size	and	composition,	as	well	 as	 the	
atmospheric	 humidity	 (McFiggans	 et	 al.,	 2006).	 The	 hygroscopic	 properties	 of	 all	 of	 the	
different	components	of	an	aerosol	particle	contribute	to	its	total	hygroscopicity	(Chen	et	al.,	
1973;Stokes	 and	 Robinson,	 1966).	 The	 presence	 of	 different	 water-soluble	 and	 water-
insoluble	organics	and	 inorganics	will	 therefore	strongly	 influence	water	uptake.	Chamber	
studies	that	have	investigated	emissions	from	biomass	fuels	have	shown	that	the	hygroscopic	
response	can	vary	significantly	depending	on	fuel	type	(Carrico	et	al.,	2010).	Understanding	
the	water	 uptake	 of	 atmospheric	 aerosols	 is	 further	 complicated	when	 considering	 other	
aging	 processes	 as	 described	 previously.	 Nonetheless,	 it	 is	 important	 to	 characterise	 the	
water	uptake,	as	this	will,	in	turn,	influence	other	atmospheric	chemistry	processes,	radiation	
scattering	and	absorption	as	well	 as	 cloud	processing.	 Furthermore,	 cloud	albedo	 is	more	
susceptible	 to	 changes	when	 cloud	 condensation	 nuclei	 concentrations	 are	 relatively	 low	
(Twomey,	1991),	such	as	in	marine	environments	like	the	Timor	Sea	off	the	coast	of	northern	
Australia.		
	
2.3.2	Sea	spray	aerosol	
Sea	spray	aerosol	(SSA)	is	produced	from	the	direct	impact	of	wind	on	the	ocean	surface	and	
the	 secondary	 bursting	 of	 bubbles	 due	 to	 breaking	 waves	 (Blanchard,	 1989;Lewis	 and	
Schwartz,	 2004).	When	 these	 bubbles	 rise	 to	 the	 surface	 and	 burst,	 they	 release	 a	 large	
number	of	film	and	jet	droplets	(see	panel	d	and	f	in	Figure	2-5,	respectively).	When	the	water	
within	these	film	droplets	evaporate,	a	mixture	of	sea	salt	and	organic	material	is	left	behind,	
making	 up	 the	majority	 of	 the	 number	 of	 SSA.	 The	 presence	 of	 organic	material	 on	 SSA	
particles	is	due	to	the	existence	of	a	chemically	and	biologically	enriched	layer	at	the	surface	
of	the	ocean,	known	as	the	sea-surface	micro-layer	(Liss	and	Duce,	1997,	Barker,	1972).	The	
types	and	amount	of	material	found	in	the	sea-surface	micro-layer	is	largely	dependent	on	
the	biological	activity	of	the	local	environment	(Fuentes	et	al.,	2011).	
	 33	
	
Figure	2-5	The	production	of	sea	spray	aerosol.	Boxes	a)	through	c)	show	a	bubble	rising	to	the	ocean	surface.	Box	d	
shows	the	bursting	of	the	bubble,	which	ejects	film	droplets.	Boxes	e)	and	f)	show	the	ejection	of	jet	drops	after	the	
bubble	has	burst.	This	figure	has	been	adapted	from	Lewis	and	Schwartz	(2004).	
SSA	 particles	 can	 directly	 scatter	 or	 absorb	 light	 (Murphy	 et	 al.,	 1998;Quinn	 et	 al.,	
1998;Schwartz,	 1996)	 and	 undergo	 cloud-aerosol	 interactions	 to	 form	 clouds	 (Mason,	
2001;Murphy	et	al.,	1998;O'Dowd	et	al.,	1997;Pierce	and	Adams,	2007).	Properties	that	affect	
light	scattering	and	cloud	formation,	such	as	the	chemical	composition	and	hygroscopicity	of	
SSA,	 are	 poorly	 understood.	 This	 exacerbates	 climate	 model	 uncertainties(Gantt	 and	
Meskhidze,	 2013;Meskhidze	 et	 al.,	 2013).	 Measurements	 of	 submicron	 primary	 SSA	 are	
scarce,	particularly	 in	 the	 Southern	Hemisphere	 (Cravigan	 et	 al.,	 2015).	 Concentrations	of	
ambient	SSA	are	generally	low	and	secondary	processes,	such	as	coagulation,	condensation	
of	 sulphuric	 and	 organic	 vapours	 and	 cloud	 processing,	 complicate	 composition	
measurements	 (Cravigan	et	 al.,	 2015;Frossard	 et	 al.,	 2014;Laskin	 et	 al.,	 2012;Shank	et	 al.,	
2012),	leading	to	many	studies	that	aim	to	replicate	SSA	production	using	seawater	samples	
(Bates	et	al.,	2012;Facchini	et	al.,	2008;Fuentes	et	al.,	2011;Keene	et	al.,	2007;Modini	et	al.,	
2010;Quinn	et	al.,	2014).	Well-known	methods	for	SSA	production	include	using	sintered	glass	
frits	 in	 bubble	 chambers	 (Modini	 et	 al.,	 2010;Tyree	 et	 al.,	 2007)	 or	 in	 situ	 (Bates	 et	 al.,	
2012;Quinn	et	al.,	2014)	plunging	water	(Fuentes	et	al.,	2010)	and	wave	breaking(Prather	et	
al.,	2013).	A	variety	of	SSA	production	mechanisms	have	been	implemented	and	justified	by	
matching	 laboratory	 and	 natural	 SSA	 size	 distributions	 (see	 Figure	 2-6)	 (Fuentes	 et	 al.,	
2010;Prather	et	al.,	2013).	Comparisons	between	the	SSA	generation	methods	have	indicated	
that	wave	breaking	and	plunging	water	provide	bubble	and	particle	size	distributions	most	
similar	to	those	observed	in	the	open	ocean	(Fuentes	et	al.,	2010;Collins	et	al.,	2014).	Whether	
the	same	can	be	said	about	SSA	from	wave	breaking	in	all	marine	environments	is	not	known.	
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Figure	2-6	a)	Sea	spray	field	data	showing	a	natural	sea	spray	aerosol	size	distribution.	Also	shown	are	the	possible	
modes	that	contribute	to	the	total	size	distribution.	b)	Bubble	chamber	data	showing	the	laboratory	produced	sea	spray	
aerosol	size	distribution	for	different	production	mechanisms,	overlaying	the	natural	size	distribution.	This	figure	was	
taken	from	Fuentes	et	al.	(2010)	under	the	Creative	Commons	Attribution	3.0	Licence.	
Chamber	studies	have	reported	Aitken	and	accumulation	mode	SSA	organic	volume	or	mass	
fractions	of	8%	-	27%	using	tandem	differential	mobility	analyzers	(TDMAs)	(Fuentes	et	al.,	
2011;Modini	et	al.,	2010)	and	as	high	as	80%	from	CCN	counters	 (Quinn	et	al.,	2014)	and	
offline	filter	analysis	(Facchini	et	al.,	2008;Keene	et	al.,	2007;Frossard	et	al.,	2014).	Externally	
mixed	SSA	composed	entirely	of	organics,	have	also	been	identified	using	X-ray	analysis	of	
transmission	 electron	microscopy	 samples	 and	 single	 particle	mass	 spectrometry	of	wave	
chamber	aerosols	produced	 from	coastal	waters	 (Collins	 et	 al.,	 2013;Prather	 et	 al.,	 2013).	
Increased	 organic	 enrichment	 of	 nascent	 SSA	with	 decreasing	 particle	 diameter	 has	 been	
repeatedly	observed	(Collins	et	al.,	2013;Facchini	et	al.,	2008;Keene	et	al.,	2007;Prather	et	al.,	
2013;Quinn	 et	 al.,	 2014),	 although	 not	 in	 all	 studies	 (Modini	 et	 al.,	 2010).	 Sea	 sweep	
measurements	 over	 the	 North	West	 Atlantic	 and	 North	 East	 Pacific	 oceans	 indicate	 the	
presence	of	a	non-volatile	organic	SSA	component	(Bates	et	al.,	2012;Frossard	et	al.,	2014),	
but	 without	 clear	 characterization	 of	 the	 internal	 organic	 mixing	 state.	 In	 contrast,	
measurements	from	the	South	East	Pacific	have	shown	that	the	primary	organic	component	
is	semi-volatile,	evaporating	at	130	–	200	°C	(Modini	et	al.,	2010).	The	variation	in	observations	
of	SSA	organic	enrichment	must	be	a	result	of	differences	in	either	seawater	composition,	SSA	
production	mechanisms	or,	possibly,	biases	in	instrumental	measurement	or	analysis.	
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The	 specific	 composition	 of	 submicron	 organics	 in	 SSA	 is	 difficult	 to	 quantify.	 Chamber	
measurements	 of	 nascent	 SSA	 (Facchini	 et	 al.,	 2008)	 and	 ambient	 flux	 measurements	
(Ceburnis	et	al.,	2014)	have	indicated	 that	the	organic	fraction	of	submicron	SSA	is	almost	
entirely	 water	 insoluble	 (WIOM).	 In	 addition,	 similarities	 between	 the	 proton	 nuclear	
magnetic	resonance	(HNMR)	spectra	of	WIOM	and	seawater	particulate	organic	carbon	(POC)	
(<	10	µm)	have	been	observed	(Facchini	et	al.,	2008),	suggesting	phytoplankton	exudate	in	the	
form	of	colloids	and	aggregates	as	the	source	of	the	organic	SSA	component.	This	supports	
measurements	from	the	North	Atlantic	and	Pacific	coastal	stations	indicating	that	chlorophyll-
a	 represents	 the	 most	 consistent	 predictor	 of	 sub-micron	 primary	 marine	 organic	
concentrations	(Gantt	et	al.,	2011;Rinaldi	et	al.,	2013).	Subsequent	measurements	from	the	
North	East	Pacific	and	Northern	Atlantic,	however,	suggest	that	the	organic	enrichment	of	SSA	
is	 dominated	 by	 an	 ever-present	 pool	 of	 dissolved	 organic	 carbon	DOC	 (<	 0.2	 µm)	 and	 is	
unrelated	 to	 bulk	 seawater	 organic	 matter	 (as	 indicated	 by	 POC	 and	 chlorophyll-a	
concentrations)	 (Bates	 et	 al.,	 2012;Frossard	 et	 al.,	 2014).	 These	 studies	 used	 Fourier	
Transform	 Infra-Red	 spectroscopy	 (FTIR)	 of	 sub-micrometer	 nascent	 SSA	 filter	 samples	 to	
show	that	the	organic	mass	is	composed	of	carbohydrate-like	compounds	(Russell	et	al.,	2010)	
with	hydroxyl	(55	±	14%),	alkane	(32	±	14%)	and	amine	(13	±	3%)	functional	groups	(Frossard	
et	al.,	2014).	The	proportion	of	these	functional	groups	appears	similar	over	the	North	East	
Atlantic,	 the	 North	 West	 Atlantic	 and	 the	 Eastern	 Pacific	 oceans	 (Frossard	 et	 al.,	 2014).	
Uncertainty	remains	in	linking	the	organic	composition	in	the	water	phase	to	that	observed	in	
SSA	and	inconsistent	results	suggest	that	spatial	and	seasonal	variations	could	play	a	role.	
	
2.3.3	Other	sources	of	CCN	
Besides	biomass	burning	and	sea	spray	aerosol,	which	are	the	focus	of	the	work	presented	in	
this	thesis,	there	are	many	other	natural	and	anthropogenic	sources	of	aerosol	and	CCN.	As	
already	shown	in	Figure	2-2,	DMS	sulfates,	volcanic	sulfates	and	terpenes	are	also	important	
sources	of	CCN.	DMS	(dimethyl	sulfide)	is	a	gaseous	volatile	organic	sulfur	compound	that	is	
produced	by	phytoplankton	in	the	oceans.	DMS	can	cross	the	air-sea	interface	and	enter	the	
atmosphere	where	it	can	undergo	several	different	photochemical	reactions	to	either	form	a	
new	aerosol	particle	or	condense	onto	existing	particles	(von	Glasow	and	Crutzen,	2004).	SO2	
emitted	from	volcanic	eruptions	can	also	lead	to	the	formation	of	sulfuric	acid,	thereby	also	
affecting	CCN	concentrations.	Biogenic	volatile	organic	compounds	(e.g.,	isoprene,	terpenes)	
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are	 gaseous	 compounds	 emitted	 by	 vegetation.	 Similarly	 to	 DMS,	 these	 compounds	 can	
undergo	photochemical	reactions	to	form	new	particles	or	condense	onto	existing	particles.	
Anthropogenic	 aerosol	 emissions	 are	 also	 significant	 and	 are	 formed	 from	 fossil	 fuel	
combustion,	wood	fires	and	industrial	activity.		
	
2.4	Aerosol	water	uptake	
	
Cloud	droplets	are	 formed	when	water	vapor	condenses	 into	the	 liquid-phase.	Due	to	the	
typical	temperatures	and	humidity	within	earth's	atmosphere,	a	particle	(CCN)	is	required	for	
the	phase	change	to	occur.	To	understand	how	aerosol	particles	can	act	as	CCN	and	form	
cloud	droplets,	 it	 is	 useful	 to	 first	 consider	 the	 physics	 describing	 the	 formation	 of	water	
droplets	in	general.	A	water	droplet	is	formed	when	water	in	the	vapor	phase	changes	to	the	
liquid	phase	where	an	equilibrium	is	achieved	and	there	is	no	net	transfer	of	energy.	At	this	
equilibrium,	
	 𝑆 = 𝜌𝜌$ = 𝑒&'()*+	
	
Equation	2-1	
where	S	is	the	saturation	ratio,	𝜌	is	the	vapor	pressure,	𝜌$is	the	saturated	vapor	pressure,	𝜎	
is	 the	 surface	 tension	 at	 the	 surface	 interface,	 V	 is	 the	molar	 volume	 of	 water,	 R	 is	 the	
universal	gas	constant,	T	is	the	temperature	and	D	is	the	diameter	of	the	droplet.		This	shows	
that	with	an	increasing	droplet	sizes,	the	required	vapor	pressure	to	achieve	equilibrium	is	
lower.	This	 is	known	as	the	Kelvin	effect,	and	 its	consequence	 is	that	 it	 is	easier	 for	 larger	
particles	to	act	as	cloud	droplets.		
	
The	 Kelvin	 equation	 does	 not	 fully	 explain	 the	 water	 uptake	 of	 atmospheric	 aerosols,	
however,	as	it	does	not	consider	the	influence	of	other	substances	within	the	droplet.	In	a	
mixed	droplet	containing	water	and	other	solutes,	the	partial	vapor	pressure	of	each	species	
is	a	fraction	of	the	bulk	vapor	pressure,	scaled	by	the	molar	fraction	of	each	species.	This	is	
known	as	Raoult's	law.	The	uptake	of	water	onto	an	aerosol-water	mixture	then	becomes:	
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	 𝑆 = 𝑝.𝑝 = 𝑎.𝑒&'()*+	
	
Equation	2-2	
Where	𝑝.	is	the	partial	pressure	of	water	and	𝑎.	is	the	water	activity	and	is	defined	as	the	
ratio	of	the	partial	pressure	of	water	to	the	bulk	vapor	pressure	(𝜌	in	the	previous	equation).	
This	is	known	as	the	Köhler	equation.	If	the	solute	has	a	higher	molar	fraction	(i.e.	smaller	aw)	
of	non-water	substances,	then	the	saturation	ratio	required	for	equilibrium	is	lower.		
	
The	composition	of	the	solute	will	change	the	water	activity.	A	recently	proposed	(Petters	and	
Kreidenweis,	2007)	and	now	widely	used	parameterization	states:	
	
	 1𝑎. = 1 + κ 𝑉4𝑉.	
	
Equation	2-3	
	
where	 Vs	 is	 the	 volume	 of	 a	 dry	 aerosol	 particle,	 Vw	 is	 the	 volume	 of	water	 and	 κ	 is	 the	
hygroscopicity	parameter.	This	 is	known	as	Kappa-Köhler	theory	(Petters	and	Kreidenweis,	
2007).	This	model	was	recently	developed	so	that	a	single	hygroscopicity	parameter,	κ,	could	
be	used	to	describe	the	relationship	between	CCN	activity	and	the	dry	diameter	of	a	particle.	
The	supersaturation	required	to	achieve	a	particular	droplet	diameter	for	any	given	particle	
can	be	found	using	κ-Köhler	theory:	
 
	 S(D) = D9 − D;9D9 − D;9 1 − κ exp 4σA/CMERTρE𝐷 	
	
Equation	2-4	
where	S	is	the	supersaturation,	D	is	the	droplet	diameter,	Dd	is	the	dry	particle	diameter,	κ	is	
the	hygroscopicity	parameter,	𝜎J/K	=	0.072	Jm-2	and	is	the	surface	tension	of	the	interface	
between	 the	solution	and	air,	Mw	 is	 the	molecular	weight	of	water,	R	 is	 the	universal	gas	
constant,	 T	 is	 the	 temperature	 (typically	 298.15	 K)	 and	 𝜌.	 is	 the	 density	 of	 water.	 The	
relationship	between	S,	Dd	and	κ	is	shown	in	Figure	2-7	(Petters	and	Kriedenweis,	2007).	
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Figure	2-7	Calculated	critical	supersaturation	for	0≤κ≤1	computed	for	a	surface	tension	of	0.072	J	m-2	and	a	temperature	
of	298.15	K.	The	gray	lines	are	linearly	spaced	intermediates.	This	figure	was	taken	from	Petters	and	Kreidenweis	(2007)	
under	the	Creative	Commons	Attribution	3.0	Licence.	
For	particles	with	moderate	hygroscopicities	that	are	usually	present	in	the	atmosphere	(κ	>	
0.2)	where	there	is	typically	a	significant	soluble	component,	an	approximate	expression	can	
be	applied:	
 
	 κ = 4 4σA/CMERTρE 927D;9 ln SP Q 	
	
Equation	2-5	
where	Sc	is	the	critical	supersaturation	(i.e.	the	supersaturation	required	for	the	particle	to	
form	 a	 cloud	 droplet),	 and	Dd	 is	 the	 corresponding	 dry	 particle	 diameter.	 The	 critical	 dry	
diameter	(i.e.	the	smallest	size	at	which	a	particle	will	turn	into	a	cloud	droplet)	can	be	found	
if	 the	 total	 number	of	 cloud	droplets	 at	 a	 particular	 supersaturation	 and	 the	particle	 size	
distribution	are	known	(assuming	an	internal	mixture	of	particles).	The	application	of	these	
equations	depend	on	which	quantities	have	been	measured.	Some	measurement	techniques	
are	 able	 to	 investigate	 particle	 size	 and	 composition	 and	 can	 therefore	 calculate	 the	
hygroscopicity.	 Others	 measure	 the	 growth	 of	 particles	 in	 water	 vapor	 and	 therefore	
inferences	about	the	hygroscopicity	and	therefore	composition	can	be	made.		
	
If	the	particle	hygroscopicity	is	not	known	or	the	particle	has	a	low	hygroscopicity	(κ	<	0.2),	
then	Equation	2-4	can	be	investigated.		If	the	particle	dry	diameter	and	hygroscopicity	(κ)	are	
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known,	then	the	critical	supersaturation	can	be	found	from	the	maximum	of	Equation	2-4.	
Conversely,	κ	can	be	found	if	the	critical	supersaturation	and	dry	diameter	of	the	particle	are	
known	by	iteratively	varying	κ-values	with	constant	droplet	diameters	until	the	maximum	of	
Equation	 2-4	 is	 equal	 to	 the	 critical	 supersaturation	 (Petters	 et	 al.,	 2009).	 The	 critical	
supersaturation	and	κ	can	be	calculated	algebraically	if	the	droplet	diameter	is	also	known.		
	
Equation	2-4	also	holds	true	for	subsaturated	conditions,	where	droplet	diameters	are	more	
easily	measured.	It	is	common	place	to	measure	particle	diameters	before	and	after	exposure	
to	a	subsaturated	relative	humidity	 (e.g.	90%),	which	yields	the	hygroscopic	growth	factor	
(HGF):	
 
	 𝐻𝐺𝐹 = 𝐷.𝐷UVW	
	
Equation	2-6	
 
where	Dw	and	Ddry	are	the	wet	and	dry	particle	diameters,	respectively.	In	this	case,	Equation	
2-4	can	be	modified	to:	
	 S(HGF) = HGF9 − 1HGF9 − 1 − κ exp 4σA/CMERTρE𝐷U×𝐻𝐺𝐹 	
	
Equation	2-7	
For	pure	particles	made	up	of	one	substance,	the	hygroscopicity	is	straightforward	and	any	
activation	to	cloud	droplets	will	depend	only	on	the	availability	of	water	vapor	and	the	size	
distribution	of	the	particles.	In	the	real	world,	however,	particles	are	almost	never	pure	and	
variations	in	particle	composition	(and	therefore	the	resultant	hygroscopicity)	will	influence	
cloud	droplet	activation.	The	Zdanovskii,	Stokes,	and	Robinson	(ZSR)	assumption	states	that	
for	any	given	internally	mixed	particle,	the	total	volume	of	water	in	or	on	a	particle	is	the	sum	
of	the	water	contents	due	to	each	constituent	(Stokes	and	Robinson,	1966;Chen	et	al.,	1973).	
Applying	this	to	the	hygroscopicity	parameter	yields:	
	
	 𝜅 = 𝜀^𝜅^^ 	
	
Equation	2-8	
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where	εi	and	κi	are	the	volume	fraction	and	hygroscopicity	of	each	constituent,	respectively.	
κ	values	 for	pure	substances	can	vary	 from	~1.4	 for	 the	most	hygroscopic	species	such	as	
sodium	chloride	and	approaches	0	for	hydrophobic	substances.	κ	typically	varies	between	0.1	
and	0.9	 for	most	 atmospheric	 particulate	matter	 (see	 Figure	 2-8	 for	 the	modelled	 annual	
average	global	distribution	of	κ	(Pringle	et	al.,	2010)).	
	
Figure	2-8		The	annual	mean	distribution	of	κ	at	the	surface	(left)	and	at	the	altitude	of	the	planetary	boundary	layers	
(right).	This	figure	was	taken	from	Pringle	et	al.	(2010)	under	the	Creative	Commons	Attribution	3.0	Licence.	
Understanding	 the	 relationships	 between	 aerosol	 size	 and	 composition	 and	 the	 ability	 of	
these	particles	to	act	as	cloud	droplets	is	vital	in	reducing	climate	uncertainties.	Predictions	
of	 cloud	 condensation	 nuclei	 concentrations	 are	 required	 in	 models	 that	 quantify	 the	
radiative	flux	in	earth's	atmospheres	due	to	clouds.	The	reflectance,	lifetime,	water	content	
and	cloud	thickness	all	have	a	role	in	this	radiative	balance	and	are	affected	by	the	number	of	
cloud	condensation	nuclei	and	the	content	of	water	in	the	air.		
	
2.5	Aerosol	instrumental	and	measurement	techniques	
	
Measuring	 aerosol	 properties	 is	 a	 difficult	 task	 due	 to	 their	 size	 and	 sometimes	 low	
concentrations.	In	the	marine	environment	they	are	typically	in	the	order	of	nanometers	and	
a	few	micrograms	per	cubic	meter.	Despite	this,	many	aerosol	measurement	instruments	and	
techniques	 have	 been	 developed	 that	 have	 the	 ability	 to	 quantify	 important	 aerosol	
characteristics,	 such	 as	 size,	 mass,	 number	 and	 composition.	 This	 literature	 review	 will	
describe	 these	 important	 aerosol	 properties	 and	 the	 most	 widely	 used	 instruments	 and	
techniques	that	are	able	to	measure	these	properties.		
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2.5.1	Concentration	and	size	
Perhaps	the	simplest,	but	most	important,	aerosol	property	is	the	concentration	of	particles	
throughout	the	atmosphere.	This	concentration	is	usually	expressed	as	the	number	or	mass	
of	particles	per	unit	of	volume.	Typical	atmospheric	concentrations	are	on	the	order	of	a	few	
hundred	 to	 thousands	 of	 particles	 per	 cubic	 centimetre,	 corresponding	 to	 mass	
concentrations	of	the	order	of	micrograms	per	cubic	metre.	Particle	mass	concentration	for	
particles	under	10	µm	and	2.5	µm	(PM10	and	PM2.5,	respectively)	are	standard	measurements	
taken	frequently	at	monitoring	stations	across	the	planet.	These	measurements	are	relatively	
straightforward	and	typically	 require	 the	collection	of	particles	on	 filters	and	measure	 the	
mass	using	high	precision	mass	balance	techniques.	Particle	mass	concentration	is	one	of	the	
most	 relevant	 quantities	 in	 estimating	 the	 scattering	 and	 absorption	 of	 solar	 radiation,	
atmospheric	visibility	and	the	potential	threat	of	pollution	on	human	health.	In	the	context	of	
cloud	formation,	however,	it	is	the	particle	number,	rather	than	mass,	concentration	that	is	
most	relevant.	Figure	2-1,	shown	early,	displays	an	example	of	the	number,	surface	area	and	
volume	distributions	for	a	hypothetical	distribution	of	aerosol	particles	between	~0.01	µm	
and	10	µm.	Because	each	individual	aerosol	particle	has	the	potential	to	act	as	a	CCN	and	
each	CCN	forms	a	single	cloud	droplet,	the	total	number	of	CCN	is	extremely	 important	 in	
determining	 the	 properties	 of	 clouds.	 The	 vast	majority	 of	 the	 particle	mass	 distribution	
(proportional	to	the	volume	distribution	via	the	density	of	particles)	is	contained	within	the	
larger,	less	abundant,	aerosol	particles.	Measurements	of	particle	number,	rather	than	mass	
or	volume,	concentrations,	is	the	best	indicator	of	the	presence	and	impact	of	CCN.	
	
Total	 particle	 number	 concentrations	 are	 typically	 measured	 with	 Condensation	 Particle	
Counters	 (CPCs).	 CPCs	 operate	 by	 exposing	 aerosol	 particles	 to	 a	 supersaturated	 vapour	
(typically	water	or	butanol)	in	order	to	grow	them	to	a	sufficient	size	such	that	the	"particle	
beam"	interrupts	a	laser	signal	directed	towards	a	detector.	These	interruptions	in	the	signal	
across	the	detector	can	then	be	related	to	the	number	concentration	of	particles.	Particle	size	
distributions	 can	 be	measured	 using	 a	 CPC	 after	 particles	within	 a	 certain	 size	 range	 are	
"preselected".	Particles	within	a	size	range,	typically	of	the	order	of	several	nanometres,	can	
be	selected	using	an	electrostatic	classifier	 (DMA;	Differential	Mobility	Analyser).	Particles	
entering	the	DMA	are	neutralized	(either	with	a	β	or	X-ray	radiation),	so	that	the	particles	will	
have	a	known	charge	distribution	associated	with	them.	Within	the	DMA,	a	user-controlled	
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potential	is	applied	so	that	only	particles	with	a	certain	mobility	diameter	to	charge	ratio	will	
exit.	These	size	selected	particles	are	then	sampled	by	the	CPC.	This	process	is	repeated	by	
incrementally	changing	the	DMA	voltage	so	that	the	concentration	of	particles	over	a	large	
size	 range	 is	 measured.	 The	 combination	 of	 a	 DMA	 and	 CPC	 to	 measure	 particle	 size	
distributions	is	known	as	a	Scanning	Mobility	Particle	Sizer	(SMPS).	
	
While	CPCs	measure	the	total	particle	number	concentration	(above	a	few	nanometres),	not	
all	 of	 these	 particles	 will	 necessarily	 be	 able	 to	 act	 as	 CCN.	 Similar	 to	 a	 CPC,	 Cloud	
Condensation	Nuclei	Counters	(CCNCs)	expose	aerosol	particles	to	a	precise	supersaturation	
of	water	vapor.	Particles	that	are	hygroscopic	or	large	enough	will	facilitate	the	formation	of	
a	water	droplet.	The	total	number	of	droplets	is	then	counted	optically,	in	a	similar	fashion	to	
a	CPC.		
	
The	water	vapour	saturation	ratio	and	the	size	of	particles,	together	with	composition,	will	
ultimately	 determine	 the	 ratio	 of	 the	 concentration	 of	 CCN	 (CCNc)	 to	 the	 total	 particle	
number	concentration	(PNc).	The	composition	of	the	particles	will	determine	the	diameter	at	
which	they	are	activated	to	cloud	droplets	at	a	given	supersaturation.	All	particle	above	this	
size	will	act	as	a	CCN	(given	an	internal	mixture).		
2.5.2	Composition	
The	composition	of	aerosol	particles	can	vary	drastically	depending	on	their	origin	and	age.	
Particles	can	be	made	up	any	combination	of	elemental	carbon,	organic	carbon,	metals	or	
other	inorganic	substances.	These	substances	interact	with	light	differently,	can	have	varying	
health	impacts	and	can	have	differing	affinities	for	water,	thereby	influencing	CCN	activity.	
Because	 of	 this,	 large	 efforts	 have	 been	made	 to	 characterize	 aerosol	 composition	 and	 a	
myriad	of	techniques	have	been	employed	to	do	this.		
	
The	most	conventional	technique	in	characterising	aerosol	composition	is	through	filtration.	
A	deposited	sampled	can	be	analysed	using	a	wide	variety	of	instrumentation	and	techniques,	
including	 high	 performance	 liquid	 chromatography,	 gas	 chromatography,	 ion	
chromatography,	 Fourier	 Transform	 Infrared	 Spectroscopy,	 proton	 nuclear	 magnetic	
resonance	and	electron	microscopy.	These	techniques	can	characterise	and	quantify	many	
different	organic	and	inorganic	species	within	an	aerosol	sample,	however	collection	times	
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are	usually	of	the	order	of	hours	or	days	and	therefore	the	time	resolution	that	filter	analyses	
yields	are	poor.	Furthermore,	filters	are	typically	collected	for	all	particles	below	a	certain	size	
(e.g.,	2.5	or	1	µm)	and	therefore	do	not	necessarily	provide	the	precise	composition	for	the	
smallest	 particles	 that	 are	 involved	 in	 aerosol-cloud	 interactions.	 Some	 size-resolved	
chemistry	can	be	ascertained	using	cascade	impactors.	These	employ	a	series	of	impactors	
and	filters,	each	with	a	different	cutoff	size,	although	these	are	still	limited	by	size	and	time	
resolution.		
	
Aerosol	mass	spectrometry	is	a	useful	technique	for	measuring	quantitative	aerosol	chemical	
composition	and	chemically	resolved	particle	size	detail	in	real	time.	There	are	many	types	of	
aerosol	mass	 spectrometers,	 such	as;	Quadrupole	 (Q-AMS),	 compact	Time-of-Flight	 (cToF-
AMS),	 High	 Resolution	 Time-of-Flight	 (HR-ToF-AMS),	 Soot-Particles	 (SP-AMS)	 and	 Thermal	
desorption	 Aerosol	 Gas	 chromatograph	 combination	 (TAG-AMS),	 Aerosol	 Chemical	
Speciation	Monitor	(ACSM)	and	mini-AMS.	A	cToF-AMS	has	been	used	extensively	in	the	work	
presented	in	this	thesis	and	will	be	described	in	detail	below.		
	
The	Time-of-Flight	Aerosol	Mass	Spectrometer	is	a	more	recently	developed	instrument	that	
has	 optimized	 mass	 spectroscopy	 through	 changes	 in	 particle	 collection,	 sizing	 and	
evaporation	 and	 ionization	 techniques.	 The	 TOF-AMS	 has	 the	 ability	 to	 operate	 in	 three	
different	modes;	Mass	Spectrum	(MS),	Particle	Time-of-Flight	(PToF)	and	Brute-Force	Single-
Particle	(BFSP),	allowing	a	detailed	aerosol	analysis	(Drewnick	et	al.,	2005,	Canagaratna	et	al.,	
2007).		
	
The	TOF-AMS	is	kept	at	a	vacuum	pressure	of	~10-7	torr	by	a	series	of	five	turbo-molecular	
pumps	over	two	main	chambers	(see	Figure	2-9).	Before	the	first	chamber	there	is	an	inlet	
with	a	0.1	 lpm	critical	orifice,	a	PM1	aerodynamic	 lens	and	a	 rotating	disc	with	small	 slits	
known	 as	 the	 chopper.	 The	 pressure	 drop	 between	 the	 outside	 and	 inside	 of	 the	 AMS,	
combined	with	the	orifice	at	the	inlet,	and	each	subsequent	section	for	the	sample	to	pass	
through	allows	the	gaseous	components	to	be	drawn	away,	whilst	focusing	the	aerosol	beam	
before	passing	through	the	chopper	entering	the	P-ToF	chamber.	This	process	allows	sizes	
between	~100	nm	and	~800	nm	to	pass	into	the	system,	with	sensitivities	falling	off	at	sizes	
smaller	and	greater	than	these,	respectfully.	Between	the	first	and	second	chamber	lays	the	
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ion	optics.	Here	the	sample	from	the	inlet	is	flash-vaporized	with	a	heater	of	a	preselected	
temperature	(usually	600°C)	before	being	ionized	by	a	tungsten	filament	via	electron	impact.	
Upon	 vaporization	 and	 ionization,	 the	 sample	 enters	 the	 second	 chamber	 where	 an	
orthogonal	extractor	and	ion	reflector	deflect	the	ions	in	a	V-shape	towards	a	Multi-Channel-
Plate	 (MCP)	detector.	 The	MCP	amplifies	and	converts	 the	 ion	 impact	 to	analog	electrical	
signals,	which	are	then	converted	to	a	digital	signal	with	an	analog-to-digital	converter	and	
interpreted	by	a	PC.		
	
Figure	2-9	A	schematic	of	the	Aerodyne	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	(cToF-AMS)	This	figure	was	
adapted	from	Drewnick	et	al	(2005).		
While	running	in	MS	mode,	the	AMS	gives	average	signals	for	each	mass	to	charge	ratio	(m/z).	
The	 user	 defines	 an	 amount	 of	 time	 for	 the	 sample	 to	 pass	 by	 the	 open	 chopper.	 High	
frequency	 electrical	 pulses	 in	 the	 ion	 optics	 are	 used	 to	 send	 the	 vaporized	 and	 charged	
fragments	into	the	ion	reflector	chamber	for	detection,	where	the	time	between	the	pulse	
and	detection	indicates	the	m/z	and	the	voltage	detected	on	the	MCP	indicates	the	signal	of	
each	m/z.		A	background	is	also	taken	in	the	same	sample	run	number	by	blocking	the	beam	
with	chopper	in	a	“closed”	position.		In	PToF	mode,	the	chopper	is	set	to	spin	with	a	frequency	
of	 ~140	Hz.	 This	 sends	 packages	 of	 the	 sample	 towards	 the	 ion	 optics	 and	MCP.	 In	 each	
package,	 the	 sample	 spreads	 out	 based	 on	 size	 (aerodynamic	 diameter)	 within	 the	 ToF	
chamber.	This	allows	the	signal	of	each	m/z	for	each	size	to	be	calculated,	enabling	chemically	
resolved	size	distributions	for	the	aerosol	sample.	The	BFSP	mode	is	an	amalgam	of	the	MS	
and	PToF	mode,	however	instead	of	averaging	the	mass	spectra	over	the	course	of	a	scan,	
each	mass	spectra	for	each	size	distribution	is	recorded	and	saved.		
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The	vaporizers	 in	ToF-AMS	are	usually	 set	 to	~600°C	and	 therefore	 these	 instruments	are	
typically	used	 to	 the	quantification	of	non-refractory	material	only.	Additional	calibrations	
have	been	applied	to	quantify	some	refractory	material,	such	as	sea	salt	(Ovadnevaite	et	al.,	
2012);	 see	 Chapter	 3	 for	 further	 details).	 Furthermore,	 as	 these	 instruments	 are	 usually	
operated	in	MS	mode,	the	compositional	of	the	bulk	aerosol,	rather	than	single	particles,	is	
reported.	While	knowledge	of	the	composition	and	size	of	an	aerosol	population	can	be	used	
predict	CCN	concentrations,	these	predictions	are	more	accurate	if	there	is	also	knowledge	of	
the	mixing	state	of	aerosols.		
	
A	Volatility	and	Hygroscopicity	Tandem	Differential	Mobility	 (VH-TDMA)	 is	a	useful	 tool	 in	
elucidating	 the	 mixing	 state	 of	 an	 aerosol	 population,	 while	 also	 providing	 volatility	 and	
hygroscopicity	characteristics	of	all	types	of	aerosol	within	a	population.	A	VH-TDMA	is	made	
up	of	two	SMPSs	with	an	extra	electrostatic	classifier.	In	this	setup,	a	specific	particle	size	is	
selected	with	the	classifier	(d0).	The	aerosol	then	passes	through	a	thermaldenuder,	set	at	
selected	temperature.	After	this,	the	aerosol	is	split	into	two	paths.	Half	is	sampled	with	one	
of	 the	 SMPSs	 (V-TDMA)	 and	 the	 other	 half	 passes	 through	 a	 humidifying	 component	 (H-
TDMA),	usually	set	at	90%	relative	humidity,	before	passing	to	the	other	SMPS	(see	Figure	2-
9).	By	comparing	the	size	measured	by	the	V-TDMA	(dT)	to	the	preselected	size,	the	volume	
fraction	of	material	remaining	(VFR)	that	has	evaporated	off	due	to	the	thermaldenuder	can	
be	ascertained.	With	knowledge	of	the	boiling	point	of	expected	components	of	the	aerosol	
and	 by	 setting	 or	 varying	 the	 temperature	 of	 the	 thermaldenuder,	 inferences	 about	 the	
composition	 of	 the	 particle	 can	 be	 made.	 Furthermore,	 the	 H-TDMA	 can	 provide	
characterisation	of	 the	water	uptake	 (HGF	 -	Hygroscopic	Growth	Factor)	of	 these	aerosols	
with	 and	without	 volatile	 components	 by	 comparing	 the	 diameter	 after	 exposure	 to	 high	
humidity	(dH)	to	dT.	
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Figure	2-10	The	operating	principal	of	the	VH-TDMA.		
2.6	Gaps	in	knowledge	
	
Biological	activity	in	open	oceans	(Bates	et	al.,	2012;Facchini	et	al.,	2008;Russell	et	al.,	2010)	
and	coastal	waters	(Collins	et	al.,	2014;Prather	et	al.,	2013)	has	been	shown	to	produce	SSA	
enriched	in	organics.	While	algae	are	abundant	in	these	waters,	they	are	also	crucial	to	the	
existence	of	coral	reefs	as	they	are	in	a	symbiotic	relationship	with	the	coral	polyps	(Jones,	
2013).	Therefore,	a	similar	enrichment	of	SSA	organics	might	be	expected	from	reef	systems;	
however,	this	has	not	yet	been	characterized.	The	Great	Barrier	Reef	(GBR)	is	the	largest	of	
the	world's	coral	reefs,	covering	an	area	of	344,000	km2	 and	stretching	2,300	km	along	the	
east	 coast	 of	 Queensland,	 Australia.	 The	 extent	 of	 this	 massive	 permanent	 ecosystem	
suggests	that	the	Great	Barrier	Reef	could	be	significant	in	the	organic	enrichment	of	SSA	on	
a	regional	scale.		
	
The	 complexity	 of	 processes	 arising	 from	 variability	 in	 emission	 factors,	 smoke	 size,	
composition	and	aging	of	biomass	burning	smoke	gives	rise	to	a	large	uncertainty	that	fires	
have	 on	 the	 radiative	 budget	 (Carslaw	 et	 al.,	 2010).	 Due	 to	 these	 variations,	 detailed	
measurements	of	the	physical	and	chemical	properties	of	smoke	from	all	regions	in	different	
seasons	are	essential	in	determining	their	impact	on	clouds	(Spracklen	et	al.,	2011).	Whilst	
there	have	been	numerous	studies	investigating	smoke	CCN	globally,	very	few	have	studies	
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have	taken	place	within	Australia.			These	studies	have	been	typically	focused	on	fires	in	the	
southern	continent	(Lawson	et	al.,	2015)	or	east	coast	cane	fires	(Warner	and	Twomey,	1967),	
despite	Australia	contributing	an	estimated	15%	of	yearly	global	burned	land	area	(van	der	
Werf	 et	 al.,	 2006).	 The	 extent	 to	 which	 dry	 season	 fires	 in	 north	 Australia	 impact	 CCN	
concentrations	has	not	yet	been	explored	in	detail.		
	
Furthermore,	large	scale,	multidisciplinary	measurement	campaigns	in	the	tropics	are	needed	
to	make	distinctions	between	different	types	of	fires	in	different	regions	in	order	to	reduce	
uncertainties	in	global	climate	models	(Keywood	et	al.,	2013).	This	need	has	been	recognized	
with	the	formation	of	global	collaborative	initiatives	promoting	interdisciplinary	collaboration	
in	 biomass	 burning	 research	 (Kaiser	 and	 Keywood,	 2015).	 As	 the	world	moves	 towards	 a	
warmer	climate,	biomass	burning	is	likely	to	increase	in	frequency	and	intensity,	and	these	
emissions	will	become	an	increasingly	 important	source	of	trace	gases	and	aerosols	to	the	
atmosphere	(Keywood	et	al.,	2013).	
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Abstract	
	
Sea	spray	aerosol	 (SSA)	particles	produced	from	the	ocean	surface	 in	regions	of	biological	
activity	 can	 vary	 greatly	 in	 size,	 number	 and	 composition	 and	 in	 their	 influence	 on	 cloud	
formation.	Algal	 species	 such	as	 phytoplankton	 can	 alter	 the	 SSA	 composition.	Numerous	
studies	have	investigated	nascent	SSA	properties,	but	all	of	these	have	focused	on	aerosol	
particles	produced	by	seawater	from	non-coral	related	phytoplankton	and	in	coastal	regions.	
Bubble	chamber	experiments	were	performed	with	seawater	samples	taken	from	the	reef	flat	
around	Heron	Island	in	the	Great	Barrier	Reef	during	winter	2011.	Here	we	show	that	the	SSA	
from	these	samples	was	comprised	of	an	internal	mixture	of	varying	fractions	of	sea	salt,	semi-
volatile	organics	as	well	as	non-volatile	(below	550°C)	organics.	A	relatively	constant	volume	
fraction	of	semi-volatile	organics	of	10%-13%	was	observed	while	non-volatile	organic	volume	
fractions	varied	from	29%-49%	for	60	nm	SSA.	SSA	organic	fractions	were	estimated	to	reduce	
the	activation	ratios	of	SSA	to	cloud	condensation	nuclei	by	up	to	14%	when	compared	with	
artificial	sea	salt.	Additionally,	a	sea	salt	calibration	was	applied	so	that	a	compact	Time-of-Flight	
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Aerosol	Mass	Spectrometer	could	be	used	to	quantify	the	contribution	of	sea	salt	to	sub-micron	
SSA,	which	yielded	organic	 volume	 fractions	of	3%-6%.	Overall,	 these	 results	 indicate	a	high	
fraction	of	organics	associated	with	wintertime	Aitken	mode	SSA	generated	from	Great	Barrier	
Reef	seawater.	Further	work	is	required	to	fully	distinguish	any	differences	coral	reefs	have	on	
SSA	composition	when	compared	to	open	oceans.			
	
Keywords:	Great	Barrier	Reef,	sea	spray	aerosol,	marine	aerosol,	clouds,	cloud	condensation	
nuclei	
	
3.1	Introduction	
	
SSA	particles	can	directly	scatter	or	absorb	 light	 (Schwartz	 1996,	Murphy,	Anderson	et	 al.	
1998,	Quinn,	 Coffman	 et	 al.	 1998)	and	undergo	cloud-aerosol	 interactions	 to	 form	clouds	
(O'Dowd,	Smith	et	al.	1997,	Murphy,	Anderson	et	al.	1998,	Mason	2001,	Pierce	and	Adams	
2007).	 Properties	 that	 affect	 light	 scattering	 and	 cloud	 formation,	 such	 as	 the	 chemical	
composition	 and	 hygroscopicity	 of	 SSA,	 are	 poorly	 understood.	 This	 exacerbates	 climate	
model	 uncertainties(Gantt	 and	 Meskhidze	 2013,	 Meskhidze,	 Petters	 et	 al.	 2013).	 SSA	 is	
produced	from	the	direct	impact	of	wind	on	the	ocean	surface	and	the	secondary	bursting	of	
bubbles	due	to	breaking	waves	(Blanchard	1989,	Lewis	and	Schwartz	2004).	Measurements	
of	 submicron	 primary	 SSA	 are	 scarce,	 particularly	 in	 the	 Southern	 Hemisphere	 (Cravigan,	
Ristovski	 et	 al.	 2015).	 Concentrations	 of	 ambient	 SSA	 are	 generally	 low	 and	 secondary	
processes	complicate	composition	measurements	(Laskin,	Moffet	et	al.	2012,	Shank,	Howell	
et	 al.	 2012,	 Frossard,	Russell	 et	 al.	 2014,	Cravigan,	Ristovski	 et	 al.	 2015),	 leading	 to	many	
studies	that	aim	to	 replicate	SSA	production	using	seawater	samples	(Keene,	Maring	et	al.	
2007,	Facchini,	Rinaldi	et	al.	2008,	Modini,	Harris	et	al.	2010,	Fuentes,	Coe	et	al.	2011,	Bates,	
Quinn	et	al.	2012,	Quinn,	Bates	et	al.	2014).	Well-known	methods	for	SSA	production	include	
using	sintered	glass	frits	in	bubble	chambers	(Tyree,	Hellion	et	al.	2007,	Modini,	Harris	et	al.	
2010)	or	in	situ	(Bates,	Quinn	et	al.	2012,	Quinn,	Bates	et	al.	2014)	plunging	water	(Fuentes,	
Coe	et	al.	2010)	and	wave	breaking(Prather,	Bertram	et	al.	2013).	A	variety	of	SSA	production	
mechanisms	have	been	implemented	and	justified	by	matching	laboratory	and	natural	SSA	
size	 distributions	 (Fuentes,	 Coe	 et	 al.	 2010,	 Prather,	 Bertram	 et	 al.	 2013).	 Comparisons	
between	the	SSA	generation	methods	have	indicated	that	wave	breaking	and	plunging	water	
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provide	bubble	 and	particle	 size	distributions	most	 similar	 to	 those	observed	 in	 the	open	
ocean	(Fuentes,	Coe	et	al.	2010,	Collins,	Zhao	et	al.	2014).	Whether	 the	same	can	be	said	
about	SSA	from	wave	breaking	around	the	Great	Barrier	Reef	is	not	known.	
	
Biological	activity	in	open	oceans	(Facchini,	Rinaldi	et	al.	2008,	Russell,	Hawkins	et	al.	2010,	
Bates,	Quinn	et	al.	2012)	and	coastal	waters	(Prather,	Bertram	et	al.	2013,	Collins,	Zhao	et	al.	
2014)	has	been	shown	to	produce	SSA	enriched	in	organics.	While	algae	are	abundant	in	these	
waters,	 they	 are	 also	 crucial	 to	 the	 existence	 of	 coral	 reefs	 as	 they	 are	 in	 a	 symbiotic	
relationship	 with	 the	 coral	 polyps	 (Jones	 2013).	 Therefore,	 a	 similar	 enrichment	 of	 SSA	
organics	might	be	expected	from	reef	systems;	however,	this	has	not	yet	been	characterized.	
The	Great	Barrier	Reef	 (GBR)	 is	 the	 largest	 of	 the	world's	 coral	 reefs,	 covering	an	area	of	
344,000	 km2	 and	 stretching	 2,300	 km	 along	 the	 east	 coast	 of	Queensland,	 Australia.	 The	
extent	of	this	massive	permanent	ecosystem	suggests	that	the	Great	Barrier	Reef	could	be	
significant	in	the	organic	enrichment	of	SSA	on	a	regional	scale.		
	
Chamber	studies	have	reported	Aitken	and	accumulation	mode	SSA	organic	volume	or	mass	
fractions	of	8%	-	27%	using	tandem	differential	mobility	analyzers	(TDMAs)	(Modini,	Harris	et	
al.	2010,	Fuentes,	Coe	et	al.	2011)	and	as	high	as	80%	from	CCN	counters	(Quinn,	Bates	et	al.	
2014)	and	offline	methods	(Keene,	Maring	et	al.	2007,	Facchini,	Rinaldi	et	al.	2008,	Frossard,	
Russell	 et	 al.	 2014).	 Externally	mixed	 SSA	 composed	 entirely	 of	 organics,	 have	 also	 been	
identified	using	X-ray	analysis	of	transmission	electron	microscopy	samples	and	single	particle	
mass	spectrometry	of	wave	chamber	aerosols	produced	from	coastal	waters	(Collins,	Ault	et	
al.	 2013,	 Prather,	 Bertram	et	 al.	 2013).	 Increased	organic	enrichment	of	nascent	SSA	with	
decreasing	 particle	 diameter	 has	 been	 repeatedly	 observed	 (Keene,	 Maring	 et	 al.	 2007,	
Facchini,	Rinaldi	et	al.	2008,	Collins,	Ault	et	al.	2013,	Prather,	Bertram	et	al.	2013,	Quinn,	Bates	
et	al.	2014),	although	not	in	all	studies	(Modini,	Harris	et	al.	2010).	Sea	sweep	measurements	
over	the	North	West	Atlantic	and	North	East	Pacific	oceans	indicate	the	presence	of	a	non-
volatile	organic	SSA	component	(Bates,	Quinn	et	al.	2012,	Frossard,	Russell	et	al.	2014),	but	
without	clear	characterization	of	the	internal	organic	mixing	state.	In	contrast,	measurements	
from	the	South	East	Pacific	have	shown	that	the	primary	organic	component	is	semi-volatile,	
evaporating	at	130	–	200	°C	(Modini,	Harris	et	al.	2010).	The	variation	in	observations	of	SSA	
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organic	 enrichment	 must	 be	 a	 result	 of	 differences	 in	 either	 seawater	 composition,	 SSA	
production	mechanisms	or,	possibly,	biases	in	instrumental	measurement	or	analysis.	
The	 specific	 composition	 of	 submicron	 organics	 in	 SSA	 is	 difficult	 to	 quantify.	 Chamber	
measurements	of	nascent	SSA	(Facchini,	Rinaldi	et	al.	2008)	and	ambient	flux	measurements	
(Ceburnis,	Rinaldi	et	al.	2014)	have	indicated	that	the	organic	fraction	of	submicron	SSA	is	
almost	entirely	water	insoluble	(WIOM).	In	addition,	similarities	between	the	proton	nuclear	
magnetic	resonance	(HNMR)	spectra	of	WIOM	and	the	fine	fraction	of	seawater	particulate	
organic	carbon	(POC)	(<	10	µm)	have	been	observed	(Facchini,	Rinaldi	et	al.	2008),	suggesting	
phytoplankton	exudate	in	the	form	of	colloids	and	aggregates	as	the	source	of	the	organic	SSA	
component.	This	supports	measurements	from	the	North	Atlantic	and	Pacific	coastal	stations	
indicating	that	chlorophyll-a	represents	the	most	consistent	predictor	of	sub-micron	primary	
marine	 organic	 concentrations	 (Gantt,	 Meskhidze	 et	 al.	 2011,	 Rinaldi,	 Fuzzi	 et	 al.	 2013).	
Subsequent	 measurements	 from	 the	 North	 East	 Pacific	 and	 Northern	 Atlantic,	 however,	
suggest	that	the	organic	enrichment	of	SSA	is	dominated	by	an	ever-present	pool	of	dissolved	
organic	carbon	DOC	(<	0.2	µm)	and	is	unrelated	to	bulk	seawater	organic	matter	(as	indicated	
by	POC	and	chlorophyll-a	concentrations)	(Bates,	Quinn	et	al.	2012,	Frossard,	Russell	et	al.	
2014).	These	studies	used	Fourier	Transform	Infra-Red	spectroscopy	(FTIR)	of	sub-micrometer	
nascent	SSA	filter	samples	to	show	that	the	organic	mass	is	composed	of	carbohydrate-like	
compounds	(Russell,	Hawkins	et	al.	2010)	with	hydroxyl	(55	±	14%),	alkane	(32	±	14%)	and	
amine	(13	±	3%)	 functional	groups	 (Frossard,	Russell	 et	al.	 2014).	The	proportion	of	 these	
functional	groups	appears	similar	over	the	North	East	Atlantic,	the	North	West	Atlantic	and	
the	Eastern	Pacific	oceans	(Frossard,	Russell	et	al.	2014).	Uncertainty	remains	in	linking	the	
organic	 composition	 in	 the	water	 phase	 to	 that	 observed	 in	 SSA	 and	 inconsistent	 results	
suggest	that	spatial	and	seasonal	variations	could	play	a	role.	The	primary	aims	of	this	study	
were	 to	 investigate	 the	 composition	of	 SSA	 from	a	 coral	 reef,	 to	explore	 the	existence	of	
primary	organics	in	the	aerosol	phase	with	different	volatilities	as	well	as	to	compare	the	use	
of	 various	on-line	 aerosol	 instruments	 as	 a	means	 for	 investigating	 SSA	 composition.	 This	
study	provides	a	first	look	at	the	composition	of	SSA	produced	from	coral	water.		
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3.2	Measuring	properties	of	SSA	generated	from	Great	Barrier	Reef	lagoon	waters	
	
This	study	was	conducted	at	the	Heron	Island	Research	Station	(HIRS)	on	Heron	Island	at	the	
southern	end	of	the	GBR	in	the	Coral	Sea	during	the	Australian	winter	(June	2nd	to	June	13th)	
of	2011.	Six	water	samples	were	collected	to	investigate	SSA	generated	from	water	associated	
with	coral	reefs.	The	seawater	was	collected	at	high	tide	(High	Tide),	low	tide	(Low	Tide)	when	
the	 coral	 in	 the	 reef	 flat	 was	 partially	 exposed	 to	 air,	 and	 from	 the	 HIRS	 reticulated	 tap	
seawater	system,	which	pumps	water	directly	from	the	reef	flat	(Reticulated).	Furthermore,	
a	branch	of	Acropora	pulchra,	a	widely	spread	coral	in	the	Indo-Pacific	and	GBR	(Veron	2002)	
was	harvested	and	immersed	in	HIRS	tap	seawater	overnight	(Coral	1)	before	being	bubbled.	
This	process	was	repeated	with	a	separate	piece	of	coral	and	seawater	(Coral	2).	An	coastal	
water	sample	(Coastal	-	23.45S	151.51E)	was	also	collected	40km	west	from	Heron	Island	and	
16km	from	the	nearest	large	reef	system.	Generating	and	investigating	SSA	from	these	water	
samples,	 while	 only	 taken	 from	 a	 small	 section	 of	 the	 Great	 Barrier	 Reef,	 will	 help	 us	
understand	how	coral	reefs,	in	general,	can	influence	SSA	composition.		
	
Nascent	SSA	was	generated	in	a	chamber	in	this	study.	Up	to	10	L	of	each	seawater	sample	
was	 placed	 in	 a	 0.45m3	 cylindrical	 PTFE	 bubble	 chamber	 housing	 two	 sintered	 glass	 frits	
(porosities	between	40	and	100	μm)	to	generate	SSA.	Bubbles	were	generated	by	introducing	
dried	and	filtered	compressed	air	through	the	frits,	with	bubbles	rising	10cm	-	20	cm	before	
reaching	 the	 surface.	 	 The	 resulting	 SSA	 was	 passed	 through	 a	 diffusion	 dryer	 and	 then	
delivered	to	a	range	of	instruments	for	aerosol	characterisation.	Experiments	were	performed	
over	a	short	enough	time-scale	in	that	organic	depletion	from	bubble	bursting	was	negligible	
(Modini,	Harris	et	al.	2010).	The	number	and	size	of	SSA	particles	was	determined	using	a	
Scanning	Mobility	Particle	Sizer	 (SMPS).	The	average	SSA	size	distributions	 for	each	of	 the	
bubble	chamber	experiments	(Figure	3-1).	were	similar	to	that	observed	in	other	studies	using	
sintered	glass	to	produce	SSA	(Tyree,	Hellion	et	al.	2007,	Fuentes,	Coe	et	al.	2010,	Modini,	
Harris	et	al.	2010).	The	same	experiments	were	also	done	with	artificial	 sea	 salt	 solutions	
(ArtSS)	(Niedermeier,	Wex	et	al.	2008).		
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	Figure	3-1	The	average	size	distributions	of	generated	SSA	particles	from	all	water	samples.	Error	bars	represent	1s	
Particle	 volatility	 and	hygroscopicity	was	determined	using	 a	Volatility	 and	Hygroscopicity	
Tandem	Differential	Mobility	Analyzer	(VH-TDMA)	(Johnson,	Ristovski	et	al.	2004,	Fletcher,	
Johnson	et	al.	2007).	Particle	volatility	profiles	were	determined	by	measuring	the	diameter	
of	pre-selected	60	nm	(Aitken	mode)	sea	salt	particles	upon	heating	in	a	thermodenuder	up	
to	600	°C	in	temperature	increments	of	10	°C-50	°C.	The	volume	fraction	of	SSA	remaining	
(VFR	=	V/Vo)	was	calculated	from	median	diameters	of	pre-selected	particles	with	and	without	
volatilization	at	a	range	of	temperatures.	The	difference	in	the	volatility	profiles	from	the	ArtSS	
SSA	and	the	seawater	sample	SSA	from	200°C	and	500°C	(Modini,	Harris	et	al.	2010),	infers	
the	 semi-volatile	 organic	 fraction	 (OVFSV).	 Temperature	 dependent	 hygroscopic	 growth	
factors	(HGF)	were	calculated	for	the	particles	when	exposed	to	RH	90%.	HGFs	were	inverted	
using	the	TDMAinv	algorithm	(Gysel,	McFiggans	et	al.	2009).	In	addition,	HGFs	were	Kelvin	
and	shape	corrected	for	the	ArtSS	sample	and	Kelvin	corrected	for	all	other	samples.	This	is	
based	on	 the	assumption	 that	ArtSS	particles	are	 cubic	 in	 shape	 (Niedermeier,	Wex	et	al.	
2008,	Wise,	Freney	et	al.	2009),	whilst	the	coral	sample	SSA	particles	would	be	spherical	due	
to	the	presence	of	organics		(D	Collins	et	al.,	2014;	Laskin	et	al.,	2012).	The	Zadanovkii-Stokes-
Robinson	(ZSR)	approximation	(Stokes	and	Robinson	1966,	Chen,	Sangster	et	al.	1973)	was	
applied	to	measured	HGFs	for	each	of	the	seawater	samples.	These	were	then	compared	to	
the	temperature	dependent	ArtSS	HGF	profile	to	calculate	a	temperature	dependent	organic	
volume	 fraction	 for	 each	 of	 the	 SSA	 experiments.	 The	 hygroscopic	 growth	 factor	 for	 the	
organic	fraction	was	assumed	to	be	1.	In	order	to	examine	the	sensitivity	of	the	calculated	
OVF,	an	organic	growth	factor	of	1.5	was	also	applied	(Fuentes,	Coe	et	al.	2011).		
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Analysis	of	TOC	and	TIC	samples	was	carried	out	using	an	Aurora	1030W	total	organic	carbon	
analyzer	 (OI	 Analytical,	 College	 Station,	 TX)	 Chlorophyll-a	 was	 determined	 by	
spectrophotometry	(Apha	1998).	
	
The	 Ultrafine	 Organic	 Tandem	 Differential	 Mobility	 Analyser	 (UFO-TDMA)	 was	 used	 to	
calculate	moderately	oxidized	organic	volume	fractions	of	SSA	particles	by	measuring	how	
much	 the	 particle	 grows	 in	 subsaturated	 (82%	 ±	 1%)	 ethanol	 vapor.	 This	was	 done	 in	 an	
analogous	method	to	the	H-TDMA	ZSR	approximation,	with	the	growth	factor	in	ethanol	for	
organics	and	sea	salt	taking	as	1.55	and	1,	respectively	(Vaattovaara,	Huttunen	et	al.	2006).	
	
An	Aerodyne	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	 (cToF-AMS)	was	used	 to	
investigate	particle	chemical	composition	of	sub-micron	particles.	The	default	fragmentation	
table	(Allan,	Delia	et	al.	2004)	was	modified	according	to	Aiken	et	al.	(2008).	m/z	ratios	over	
196	were	 excluded	 from	 the	 "organic"	 family	 as	 these	 are	 artifacts	 of	 sea	 salt(Drewnick,	
Diesch	et	 al.	 2015).	m/z	58	and	m/z	60	were	also	 removed	as	discussed	below.	 The	AMS	
vaporizer	temperature	was	set	to	approximately	600°C,	a	standard	operating	temperature	for	
this	instrument.	This	temperature	is	too	low	to	fully	flash	vaporize	sea	salt	and	therefore	only	
a	 fraction	of	 sea	 salt	 is	detected.	Additional	experiments	were	conducted	 to	estimate	 the	
fraction	of	sea	salt	detected	by	 the	cToF-AMS	and	to	account	 for	 the	very	poor	collection	
efficiency	 of	 sea	 salt.	 This	 follows	 a	 similar	 approach	 to	 two	 other	 studies	 (Ovadnevaite,	
Ceburnis	et	al.	2012,	Nuaaman,	Li	et	al.	2015),	although	a	high	resolution	AMS	(HR-ToF-AMS)	
was	used	in	both	of	these	studies.	An	Artificial	Sea	Salt	solution	was	atomized	and	150	nm	
(mobility	diameter)	particles	were	selected	using	an	electrostatic	classifier.	The	150	nm	sea	
salt	was	sampled	by	the	AMS	with	an	 impactor	 to	remove	multiple-charge	particles	and	a	
3010	Condensation	Particle	Counter	(CPC)	to	calculate	total	mass	concentration	(assuming	a	
shape	 factor	 of	 1.08	 for	 sea	 salt;	 (Niedermeier,	 Wex	 et	 al.	 2008).	 Although	 sea	 salt	 is	
refractory,	peaks	 for	 seven	sea	 salt	 fragments	 could	clearly	be	 identified	 in	 the	cToF-AMS	
using	the	high-resolution	aerosol	mass	spectrometry	software	package,	Peak	Integration	by	
Key	Analysis	 (PIKA).	The	seven	main	contributors	 that	were	above	detectable	 limits	 in	 the	
AMS	were	23Na+,	35Cl+,	H35Cl+,	23Na35Cl+,	37Cl+,	H37Cl+	and	23Na37Cl+.	Of	these	seven	ions,	the	
signals	measured	by	the	AMS	for	23Na+,	 	23Na35Cl+	and	23Na37Cl+	from	each	bubble	bursting	
experiment	were	investigated	to	quantify	the	total	SSA	sea	salt	mass	contribution.	23Na35Cl+	
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and	23Na37Cl+	were	selected	because	they	have	the	fastest	vaporization	times,	which	reduced	
the	chance	of	introducing	error	due	to	the	build	up	of	sea	salt	ions	in	the	AMS	time-of-flight	
chamber.	The	effect	of	this	can	be	observed	when	the	particle	beam	is	not	blocked	(open)	
and	blocked	(closed).	A	large	difference	in	the	open	and	closed	signals	corresponds	to	more	
efficient	flash	vaporization.	The	difference	in	the	open	and	closed	signals	is	considered	the	
ion	signal.	Unlike	the	HR-ToF-AMS,	the	cToF-AMS	is	not	able	to	fully	distinguish	the	signals	
from	23Na35Cl+	and	23Na37Cl+	from	any	potential	organic	contributions	at	similar	masses.	In	this	
study,	we	have	assumed	that	the	organic	contributions	at	m/z	58	and	m/z	60	were	negligible	
when	compared	to	those	from	23Na35Cl+	and	23Na37Cl+.	This	assumption	was	based	on	three	
main	observations;	the	ratio	between	the	signals	at	m/z	58	and	m/z	60	in	both	the	sea	salt	
calibration	and	all	the	bubble	bursting	experiments	were	equivalent	to	the	natural	isotopic	
ratio	 of	 23Na35Cl+	 and	 23Na37Cl+,	 the	 peak	 signals	 were	 centered	 on	 the	 exact	 masses	 of	
23Na35Cl+	and	23Na37Cl+,	and	the	signals	at	m/z	58	and	m/z	60	were	much	higher	than	even	the	
most	 abundant	 organic	 peaks.	 Furthermore,	 only	 relatively	 small	 organic	 contributions	 at	
these	masses	were	observed	in	other	studies	that	reported	primary	marine	organic	spectra	
(Bates,	Quinn	et	al.	2012,	Ovadnevaite,	Ceburnis	et	al.	2012).	As	mentioned	previously,	23Na+	
(m/z	23)	was	also	used	investigated	to	calculate	the	total	sea	salt	mass	concentrations.	This	
was	done	as,	unlike	23Na35Cl+	and	23Na37Cl+,		there	are	no	organic	fragments	at	this	mass	and	
the	effect	of	build	up	on	the	vaporizer	was	less	prominent	than	the	remaining	sea	salt	ions.		
In	order	to	determine	the	total	sea	salt	mass	concentrations	from	the	cToF-AMS,	a	scaling	
expression	for	23Na+,	23Na35Cl+	and	23Na37Cl+	was	determined	using	their	respective	ion	signals	
(Hz/ns)	 from	PIKA	and	the	total	CPC	mass	for	the	artificial	sea	salt	calibration.	This	scaling	
expression	was	then	applied	to	23Na+,	23Na35Cl+	and	23Na37Cl+	ion	signals	and	averaged	for	each	
of	the	bubble	bursting	experiments	to	determine	the	overall	sea	salt	mass	concentrations.	
These	sea	salt	mass	concentrations	were	extrapolated	from	lower	concentrations	from	the	
calibration	scaling	expression.	From	both	the	sea	salt	calibrations	and	the	bubble	bursting	
experiments,	a	linear	response	between	the	closed	ion	signals	and	the	difference	in	the	open	
and	 closed	 ion	 signal	 was	 observed.	 This	 validates	 the	 extrapolation	 as	 a	 logarithmic	
relationship	would	have	suggested	a	build	up	of	sea	salt	reducing	the	efficiency	of	sea	salt	
vaporization.	Sulfates	and	nitrates	reported	by	the	AMS	were	considered	to	be	from	sea	salt	
as	the	relative	signals	for	each	species	was	similar	for	both	the	bubble	bursting	experiments	
and	 sea	 salt	 atomization	 calibration.	 Organic	 mass	 and	 volume	 fractions	 were	 then	
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determined	by	the	reported	organic	mass	concentrations	in	the	AMS	and	the	scaled	total	sea	
salt	mass	concentrations.	
	
Caution	must	 be	 used	when	 applying	 this	 sea	 salt	 calibration.	 Although	 sea	 salt	was	 only	
introduced	into	the	cToF-AMS	for	a	few	minutes	at	a	time	in	the	experiments	in	this	study,	
high	concentrations	of	 salt	 for	 long	durations	can	cause	a	build	up	on	 the	AMS	vaporizer,	
making	 quantification	 difficult	 and,	 possibly,	 damaging	 the	 AMS	 filament.	Without	 a	 high	
resolution	AMS,	using	the	23Na35Cl+	and	23Na37Cl+	as	scaling	ions	would	be	difficult	to	apply	to	
ambient	 measurements	 due	 to	 much	 lower	 concentrations	 which	 would	 make	 the	
contributions	of	organics	at	m/z	58	and	m/z	60	more	significant.	Other	sea	salt	ions,	such	as	
23Na+	could	potentially	be	used	if	the	signals	were	above	detectable	limits.		
	 	
SSA	 60	 nm	HGFs	were	 used	 to	 estimate	 the	 hygroscopicity	 parameter	 (κ)	 for	 each	water	
sample	(Petters	and	Kreidenweis	2007).	The	supersaturation	dependent	critical	diameter	
for	CCN	activation,	the	CCN	concentration	and	the	proportion	of	condensation	nuclei	(CN)	
that	will	be	activated	to	CCN	(CCN	 activation	 ratio)	were	 subsequently	 calculated.	 The	
mean	size	distribution	shown	in	Figure	3-1	were	integrated	step-wise	from	the	largest	
size	diameter	to	the	lowest	until	the	CCN	concentration	was	equal	to	the	total	particle	
number	concentration.	This	was	then	used	to	calculate	CCN	activation	ratios	for	all	water	
samples;	 therefore	 any	 changes	 in	 CCN	 activation	 are	 due	 entirely	 to	 compositional	
influences.	 Note	 that	 it	 is	 assumed	 that	 the	 nascent	 SSA	 composition	 at	 the	 critical	
diameter	is	well	represented	by	the	60	nm	HGF	measurements.	CN	activation	at	0.2	%	
and	0.5	%	supersaturations	are	reported,	typical	of	that	in	marine	stratocumulus	(Wood	
2012).			
	
3.3	Results	and	Discussion	
3.3.1	Semi-volatile	and	non-volatile	organic	contributions	to	SSA	
	 	
Four	different	methods	were	used	in	this	study	to	investigate	the	organic	contribution	to	SSA.	
These	were	aerosol	volatility,	hygroscopicity,	growth	in	ethanol	vapor,	and	aerosol	time-of-
flight	mass	spectrometry.	Combing	these	methods	allow	a	more	comprehensive	analyses	of	
SSA	composition.		
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Figure	3-2a	shows	the	volume	fraction	remaining	(VFR)	of	60	nm	SSA	particles	as	a	function	of	
thermodenuder	temperature	for	each	of	the	seawater	experiments	as	well	as	for	the	ArtSS	
sample.	Each	of	the	seawater	curves	deviate	from	the	ArtSS	due	to	the	presence	of	organic	
compounds.	It	 is	clear	that	there	is	little	variation	in	the	volatility	profiles	for	the	seawater	
samples,	corresponding	to	semi	volatile	organic	volume	fractions	(OVFSV)	values	ranging	from	
10%	to	13%	for	all	60	nm	SSA	particles.	
 
Figure	3-2		(a)	The	volume	fraction	remaining	(VFR)	of	60nm	particles	bubbled	from	various	seawater	samples	as	a	function	
of	thermodenuder	temperature.	(b)	The	hygroscopic	growth	factor	(HGF)	(at	90%	RH)	of	60nm	SSA	particles	simulated	
using	various	seawater	samples	as	a	 function	of	 thermodenuder	temperature.	 (c)	The	calculated	total	organic	volume	
fraction	 (OVFT)	 of	 60nm	SSA	particles	 simulated	using	 various	 seawater	 samples	based	on	 ZSR	 calculations	 from	HGF	
measurements	using	an	organic	growth	factor	of	1.	The	error	bars	for	the	seawater	samples	in	(a)	and	(b)	account	for	
uncertainties	in	the	particle	sizing.	The	error	bars	for	the	ArtSS	curve	represent	1	s	from	6	independent	artificial	sea	salt	
profiles.	The	error	bars	for	the	OVFT	in	(c)	are	a	combination	of	those	in	(a)	and	(b).	
The	temperature	dependent	hygroscopic	growth	factors	(HGF	90%	RH)	are	shown	in	Figure	
3-2b	and	the	calculated	temperature-dependent	organic	volume	fraction	for	each	of	the	SSA	
experiments	are	shown	in	Figure	3-2c.	At	ambient	temperatures	this	provides	a	measurement	
of	the	total	organic	fraction	(OVFT),	which	includes	the	OVFSV.	HGF	probability	distributions	
contained	a	single	mode,	indicating	that	the	generated	SSA	particles	were	likely	an	internal	
mixture.	The	hygroscopic	growth	factor	(HGF)	for	the	organic	fraction	was	assumed	to	be	1	
(Modini,	Harris	et	al.	2010),	resulting	in	.OVFT	of	39%	–	61%.	The	OVFT	increases	to	49%	–	76%	
when	a	HGF	of	1.5	is	assumed	for	the	organic	fraction.	By	investigating	both	the	volatility	and	
hygroscopicity	of	the	particles,	it	is	clear	that	Aitken	mode	SSA	produced	from	GBR	seawater	
samples	is	an	internal	mixture	of	semi-volatile	organics,	non-volatile	organics	and	sea	salt.	The	
non-volatile	organic	fraction	(OVFNV)	is	simply	the	difference	between	the	OVFT,	calculated	
from	the	hygroscopicity	of	particles,	and	the	OVFSV,	calculated	from	the	volatility	profiles.	We	
	 69	
observed	 OVFNV	 values	 ranging	 from	 29%	 -	 49%	 for	 60	 nm	 SSA	 particles.	 The	 difference	
between	the	OVF	calculated	using	HGFs	at	ambient	and	at	300°C	to	450°C	ranged	from	4%	-	
12%	 and	 are	 within	 experimental	 error	 of	 the	OVFSV	 values	 for	 each	water	 sample.	 The	
dissociation	of	sea	salt	at	temperatures	greater	than	550	°C	made	the	interpretation	of	HGFs	
above	 this	 temperature	 difficult.	 We	 can	 therefore	 only	 conclude	 that	 the	 non-volatile	
organics	were	not	volatile	below	550°C.	
	 	
Another	study	 (Modini,	Harris	 et	 al.	 2010)	also	 saw	a	 low	volume	fraction	of	semi-volatile	
organics	of	8%	for	71	to	77	nm	nascent	simulated	SSA	particles	using	water	from	Moreton	Bay,	
Australia.	 This	 study	 also	used	 frits	 to	 generate	 SSA,	which	was	 delivered	 to	 a	 VH-TDMA.	
Above	200	°C	the	HGF	for	Moreton	Bay	SSA	were	within	experimental	error	of	ArtSS	HGFs,	
suggesting	a	distinct	lack	of	non-volatile	organics	in	that	particular	study.	Non-volatile	organics	
were,	however,	observed	in	Sea	Sweep	generated	SSA	in	the	North	West	Atlantic	and	North	
East	Pacific	oceans,	which	were	characterized	by	a	sub-100	nm	volatile	volume	fraction	of	less	
than	15%	at	230	°C	and	a	sub-100	nm	organic	volume	fraction	of	40%	–	80%	(Quinn,	Bates	et	
al.	2014).	This	suggests	a	sub-100	nm	non-volatile	organic	volume	fraction	of	the	order	of	30%	
–	75%,	and	approximately	50%	at	60	nm	which	is	consistent	with	that	observed	herein.	A	high	
OVFNV	of	42%	was	observed	for	the	60	nm	SSA	generated	from	the	Coastal	seawater	sample.	
How	different	 these	water	 samples	might	 be	 in	 terms	of	 biological	 composition	 from	 those	
within	or	in	close	proximity	to	the	coral	is	unknown.	This	result	however,	as	well	as	the	non-
volatile	organics	observed	in	the	North	West	Atlantic	and	North	East	Pacific,	does	suggest	that	
these	non-volatile	organics	are	not	unique	to	either	SSA	generated	from	coral	water	or	the	
open	ocean.		
3.3.2	Transfer	of	organics	from	the	water	to	the	aerosol	phase	
Water	 samples	 were	 collected	 for	 total	 organic	 and	 inorganic	 carbon	 (TOC	 and	 TIC)	 and	
chlorophyll-a	(Chl-a)	concentration	measurements	for	four	of	the	seawater	samples	(Coral	1,	
Hightide,	Lowtide	and	Reticulated).			These	water	phase	organic	concentrations	are	plotted	
against	semi-volatile	and	non-volatile	SSA	organic	fractions	in	Figure	3-3.		
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Figure	3-3	The	semi-volatile	and	non-volatile	organic	volume	fraction	of	60nm	SSA	particles	and	their	relation	to	water	
Chlorophyll-a	(a),	total	organic	carbon	(b)	and	total	inorganic	carbon	(c)	concentrations.	Horizontal	error	bars	are	1	s	and	
vertical	bars	are	as	per	Figure	3-2.	
It	is	clear	that	the	OVFSV	of	the	60	nm	SSA	particles	from	the	four	seawater	samples	was	not	
sensitive	 to	 changes	 in	 Chl-a	 or	 TOC	 concentrations.	 This	 indicates	 that	 a	 ubiquitous	
component	 in	 the	 seawater	 is	 responsible	 for	 the	 OVFSV,	 which	 is	 consistent	 with	 that	
observed	 in	 the	North	West	 Atlantic	 (Quinn,	 Bates	 et	 al.	 2014).	 The	OVFNV,	 however,	 did	
appear	 to	 exhibit	 some	dependence	on	water	 Chl-a,	 organic	 carbon	 and	 inorganic	 carbon	
concentrations,	although	more	data	would	need	to	be	collected	to	support	this.		Despite	these	
samples	 being	 collected	 and	 bubbled	 in	 winter,	 the	 observed	 organic	 enrichment	 is	
comparable	 to	 some	 summertime	 measurements	 of	 Aitken	 and	 accumulation	 mode	 SSA	
(Cravigan,	 Ristovski	 et	 al.	 2015).	 With	 up	 to	 50%	 higher	 chlorophyll-a	 concentrations	 in	
summer	compared	to	winter	in	the	Great	Barrier	Reef	(Brodie,	De'Ath	et	al.	2007),		measurements	
across	all	seasons	would	be	beneficial	in	further	exploring	the	relationship	between	seawater	
biology	and	SSA	organic	enrichment.		
	 	
Of	 the	 four	 experiments,	 the	 seawater	 from	 Coral	 1	 had	 the	 highest	 Chl-a,	 TOC	 and	 TIC	
concentrations	as	well	as	organic	volume	fraction.	The	high	concentrations	of	Chl-a,	TOC	and	
TIC	are	likely	a	result	of	a	piece	of	coral	actually	being	present	in	the	body	of	water	just	before	
SSA	generation.	While	it	seems	intuitive	that	these	high	concentrations	in	the	water	could	lead	
to	a	higher	organic	volume	fraction(Fuentes,	Coe	et	al.	2011),	this	was	not	observed	Coral	2,	
with	an	OVFTotal	of	0.44,	where	similar	concentrations	of	Chl-a,	TOC	and	TIC	might	be	expected.	
Since	 these	water	measurements	were	unfortunately	not	done	 for	 the	 Coral	 2	water,	we	
cannot	explain	this	difference	between	the	two	Coral	samples.	Other	studies	have	suggested	
factors	 controlling	 the	 composition	 of	 the	 organic	 fraction	 such	 as	 photochemical	
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processing(Long,	Keene	et	al.	2014)	or	net	primary	production	and	death	of	algae(O’Dowd,	
Ceburnis	et	al.	2015)	could	also	be	responsible	for	variability	in	the	SSA	organic	enrichment.	
Despite	an	apparent	dependence	of	OVFNV	on	the	measured	water	properties	in	our	study,	this	is	
based	on	only	four	samples	and	therefore	these	other	processes	cannot	be	ruled	out.		
	 	
Further	investigation	of	the	precise	organic	and	inorganic	composition	in	seawater	and	SSA	
are	required.	Collecting	more	data	from	waters	from	many	more	sites,	at	different	proximities	
to	coral	lagoons,	at	different	tidal	times	and	in	different	seasons	would	be	advantageous	in	
understanding	what	influence	coral	reefs	might	have	on	SSA	organic	enrichment.	
	 	
The	 organic	 mass	 spectra	 of	 SSA	 from	 the	 cToF-AMS	 give	 a	 further	 indication	 into	 the	
influence	of	 the	 coral	 reef	 on	 SSA	 composition.	 The	 five	 experiments	with	water	 samples	
collected	from	within	the	reef	have	nearly	 identical	organic	spectra	(Figure	3-4a).	The	one	
experiment	with	a	water	sample	collected	from	coastal	water,	distanced	from	the	reef,	has	a	
similar	organic	spectrum	but	with	a	few	key	m/z	peaks	missing.	While	only	one	coastal	water	
sample	was	obtained,	the	organic	spectrum	(Figure	3-4b)	does	have	a	striking	resemblance	to	
the	 two	 only	 previous	 studies	 that	 have	 reported	 primary	 marine	 organic	 spectra	
(Ovadnevaite,	O'Dowd	et	al.	2011,	Bates,	Quinn	et	al.	2012).	The	most	predominant	m/z	peaks	
that	were	present	in	the	reef	water	SSA,	and	contributed	less	in	coastal	SSA	organic	spectra,	
were	m/z	29,	m/z	41,	m/z	55	and	m/z	70	(Figure	3-4c).	m/z	28	and	m/z	44	were	less	prominent	
in	the	reef	spectra,	demonstrating	that	these	organics	are	less	oxygenated	than	in	the	coastal	
spectra.	Despite	the	obvious	limitations	in	the	sample	size	of	these	measurements,	this	does	
indicate	that	the	organic	composition	of	SSA	from	reef	water	could	be	different	to	that	from	
open	oceans.	The	resolution	of	the	cToF-AMS	was	not	sufficient	to	be	able	to	 identify	the	
contributions	of	different	fragments	to	these	peaks.	The	previous	studies	used	a	HR-ToF-AMS	
and	had	associated	these	peaks	with	mostly	CxHy	 fragments	with	small	contributions	 from	
CxHyO	fragments.		
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Figure	3-4		(a)	The	average	organic	spectrum	of	SSA	generated	from	the	five	reef	water	samples.	Error	bars	represent	1	s.	
(b)	The	organic	spectrum	of	the	SSA	generated	from	the	Coastal	seawater	sample.	(c)	The	difference	in	the	reef	and	Coastal	
SSA	organic	spectra.	The	red	dashes	at	m/z	58	and	m/z	60	indicate	that	these	contributions	were	assumed	to	be	zero	
3.3.3	Comparing	on-line	instruments	for	SSA	detection	
The	growth	of	nascent	SSA	particles	in	ethanol	vapor	and	the	aerosol	chemical	composition	
were	 also	 investigated	 using	 an	 UltraFine	 Organic	 Tandem	 Differential	 Mobility	 Analyser	
(UFO-TDMA;	(Vaattovaara,	Räsänen	et	al.	2005))	and	a	compact	Time-of-Flight	Aerosol	Mass	
Spectrometer	(cToF-AMS;	(Drewnick,	Hings	et	al.	2005)),	respectively.	Comparisons	between	
these	 measurements	 and	 the	 volatility	 and	 hygroscopicity	 measurements	 show	 the	 size	
dependence	 of	 the	 semi-volatile	 and	 non-volatile	 organic	 contribution.	 In	 addition,	 they	
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highlight	 the	 importance	 of	 using	 appropriate	 methods	 when	 investigating	 organic	 aerosol	
composition.		
	
Ethanol	vapour	growth	factors	for	15	nm	and	50	nm	size	selected	particles	were	measured	for	
each	of	the	water	samples.	The	calculated	OVFs	ranged	from	34%	up	to	59%	for	15nm	SSA	
and	from	30%	up	to	41%	for	50nm	SSA.	These	OVF	values	do	include	the	presence	of	semi-
volatile	organics	but	do	not	include	the	presence	of	non-volatile	organics,	as	shown	in	Figure	
3-5	and	described	in	this	section.		
	 	
The	cToF-AMS	indicated	that	the	OVF	for	sub-micron	SSA	particles	ranged	from	3%	-	6%	for	all	
SSA	experiments	(see	Table	3-1).	This	result	is	consistent	with	data	shown	in	Quinn	et	al.,	2014,	
where	the	sub-micron	mass	fraction	of	organics	for	SSA	in	low	and	high	chlorophyll	waters	
ranged	between	3%	and	6%.	A	Sea	Sweep	experiment	off	the	coast	of	California	by	Bates	et	
al.,	2012	that	incorporated	a	HR-ToF-AMS	also	showed	a	low	sub-micron	organic	mass	fraction	
of	7%.	These	organics	volatilized	between	230°C	and	600°C.		
	 	
An	additional	experiment	was	performed	with	the	Coastal	seawater	sample	by	heating	the	
nascent	SSA	(ambient	25°C	to	600°C)	before	sampling	with	the	UFO-TDMA,	cToF-AMS	and	VH-
TDMA.	The	resulting	temperature	dependent	organic	volume	fractions	are	shown	in	Figure	3-
5.		
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Figure	3-5		The	OVF	as	a	function	of	temperature	of	SSA	from	the	Coastal	water	sample		from	VH-TDMA,	UFO-TDMA	and	
cToF-AMS	measurements.	OVFT,	OVFNV	and	OVFSV	were	calculated	as	for	Figure	3-2.	Error	bars	for	OVFT	and	OVFSV	have	
been	 described	 in	 Figure	 3-1	 and	 contribute	 to	 the	 error	 bars	 for	 OVFNV.	 Errors	 bars	 for	 OVFUFO-TDMA|50	 nm	 are	
representative	of	particle	sizing	uncertainties.	Error	bars	for	OVFcToF-AMS|submicron	are	based	on	the	uncertainties	in	both	
the	organic	and	sea	salt	mass	concentrations	that	were	measured.	
Figure	3-5	shows	the	organic	volume	fraction	at	each	temperature	for	all	of	the	employed	
methods.	OVFNV	was	calculated	by	subtracting	the	OVFSV	from	the	OVFT	at	each	temperature.	
The	behavior	of	semi-volatile	 and	non-volatile	organics	 for	60	nm	SSA	particles,	measured	
using	the	VH-TDMA,	are	clear	in	this	figure:	semi-volatile	organics	mainly	evaporate	at	250	°C,	
leaving	behind	a	non-volatile	fraction	of	organics.		
	 	
The	organic	growth	factors	in	ethanol	vapor	and	therefore	the	OVF	calculated	from	the	UFO-
TDMA	for	50	nm	SSA	particles	is	1	at	temperatures	greater	than	300	°C.	This	strongly	indicates	
that	 the	semi-volatile	organics	do	grow	and	the	non-volatile	component	does	not	grow	 in	
ethanol	vapor.	The	presence	of	carbonate,	as	aragonite	and	calcite,	may	also	contribute	to	the	
non-volatile	component,	as	it	also	insoluble	in	ethanol	and	water	(Gibson,	Hudson	et	al.	2006).	
	 	
There	was	no	change	in	OVFcToF-AMS|sub-micron	over	the	temperature	range	of	ambient	to	550°C,	
as	calculated	by	 the	cToF-AMS.	This	suggests	 that	 the	semi-volatile	organics	are	negligible	
when	considering	the	entire	range	of	sub-micron	particles	and	that	the	organics	reported	are	
non-volatile.	 The	 vaporization	 temperature	 of	 these	 non-volatiles	 needs	 to	 be	 studied	 in	
greater	detail.	One	study	(Bates,	Quinn	et	al.	2012)	showed	that	the	organic	component	of	
sub-micron	nascent	SSA	in	the	North	Pacific	was	volatile	between	230	°C	and	600°C,	however	
it	is	uncertain	that	the	non-volatile	fraction	observed	here	is	similar.	If	the	non-volatile	fraction	
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dissociates	at	a	high	temperature	and/or	vaporize	at	temperatures	higher	than	600	°C,	then	
the	OVFcToF-AMS|sub-micron	values	presented	here	are	likely	to	be	under-estimated.	This	would	
also	 have	 further	 implications	 for	 using	 Aerosol	 Mass	 Spectrometers	 for	 nascent	 SSA	
measurements,	given	that	most	vaporizers	are	set	from	600°C	to	650°C	in	both	cToF-AMSs	
and	HR-ToF-AMSs.	
Table	3-1	A	summary	of	the	SSA	organic	volume	fractions	measured	from	a	VH-TDMA,	UFO-TDMA	and	cToF-AMS,	as	well	
as	the	water	properties	of	the	seawater	samples	used	to	generate	SSA.	The	total,	semi-volatile	and	non-volatile	organic	
volume	 fractions	 of	 60nm	 SSA	 particles	 generated	 from	 six	 seawater	 samples	 were	 measured	 with	 the	 VH-TDMA.	
uncertainties	for	the	AMS	OVF	were	based	off	the	standard	deviation	of	the	organic	mass	concentrations	in	each	AMS	
scan	for	each	of	the	six	bubble	bursting	experiments,	as	well	as	a	20%	uncertainty	in	organic	mass	concentrations	and	the	
uncertainty	 in	 using	 both	 the	 23Na+,	 23Na35Cl+	 and	 23Na37Cl+	 ions	 to	 calculate	 sea	 salt	 mass	 concentrations.	 All	 other	
uncertainties	have	been	explained	in	the	main	text.	
Water	Sample	 60nm	OVFTotal	 60nm	
OVFsemi-
volatile	
60nm	
OVFnon-
volatile	
UFO-TDMA	
50nm	OVF	
AMS	OVF	
(sub-micron)	
Water	properties	
Chl-a	
(μg/L)	
TIC	
(μg/L)	
TOC	
(μg/L)	
Coral	1	 0.61	±	0.05	 0.13	±	
0.05	
0.48	±	
0.10	
0.30	±	0.04	 0.04	±	0.01	 6.22	±	
0.02	
9.1	±	0.7	 8.2	±	0.3	
Reticulated	 0.46	±	0.05	 0.10	±	
0.05	
0.36	±	
0.09	
0.38	±	0.04	 0.04	±	0.01	 0.99	±	
0.01	
5.4	±	0.8	 0.57	±	
0.02	
High	Tide	 0.39	±	0.05	 0.10	±	
0.05	
0.29	±	
0.09	
0.39	±	0.04	 0.06	±	0.02	 0.48	±	
0.01	
1.4	±	0.2	 0.06	±	
0.06	
Low	Tide	 0.43	±	0.05	 0.12	±	
0.05	
0.31	±	
0.11	
0.37	±	0.04	 0.05	±	0.01	 0.26	±	
0.02	
0.3	±	0.3	 0.3	±	0.3	
Coral	2	 0.44	±	0.05	 0.11	±	
0.05	
0.33	±	
0.09	
0.39	±	0.04	 0.03	±	0.01	 -	 -	 -	
Coastal	 0.53	±	0.05	 0.11	±	
0.05	
0.42	±	
0.10	
0.41	±	0.04	 0.04	±	0.01	 -	 -	 -	
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3.3.4	Impact	on	Potential	CCN	
Cloud	Condensation	Nuclei	(CCN)	activation	describes	the	process	in	which	aerosol	particles,	
in	 this	 case,	 SSA,	 grow	 to	 become	 cloud	 droplets	 if	 they	 are	 of	 a	 large	 enough	 size	 in	
supersatured	conditions	(Petters	and	Kreidenweis	2007).	
	 	
By	assuming	a	uniform	HGF	across	the	SSA	size	distribution,	a	6%	-	14	%	reduction	in	CCN	
activation	ratio	at	0.2	%	supersaturation	was	observed	for	generated	SSA	when	compared	to	
artificial	sea	salt	(Figure	3-6).	A	4%	–	10	%	reduction	was	calculated	at	0.5	%	supersaturation	
for	the	same	seawater	samples.	The	reduction	in	CCN	activation	corresponds	with	a	14	–	24%	
reduction	in	HGF	and	an	estimated	OVF	of	39	–	61%.	The	calculated	critical	diameters	were	37	
nm	and	47	nm	at	0.5	%	supersaturation,	and	68	nm	and	87	nm	at	0.2	%	supersaturation	for	
the	ArtSS	and	Coral	1	seawater	samples,	respectively.	
 
Figure	3-6	CCN	activation	(ratio	of	CCN	to	condensation	nuclei	(CN)	concentration).	CCN	concentrations	were	calculated	
from	 the	 hygroscopic	 growth	 of	 60nm	 SSA	 and	 size	 distributions	 of	 the	 generated	 nascent	 SSA.	 Uncertainties	 were	
calculated	from	the	uncertainty	in	the	hygroscopic	parameter,	which	were	measurement	based.		
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The	decline	in	CCN	activation	observed	here	is	consistent	with	the	response	to	primary	marine	
organics	observed	elsewhere.	CCNc	measurements	of	sub-200	nm	nascent	SSA	at	0.1	–	0.5	%	
supersaturations	generated	from	organically	enriched	seawater	proxies	displayed	5	–	24	%	
reduced	CCN	activation	compared	to	seawater	devoid	of	organics	(Fuentes,	Coe	et	al.	2011).	
This	corresponded	to	organic	fractions	of	8	–	37	%	and	9	–	17	%	reductions	in	measured	HGFs.	
Reductions	in	nascent	SSA	CCN	activation	ratios	for	supersaturations	from	0.1%	to	1.3%	were	
also	observed	by	Quinn	et	al.	(2014)	in	the	North	Pacific,	with	sub-100	nm	organic	fractions	of	
40%	 to	 80%.	 However,	 there	was	 no	 observable	 reduction	 in	 the	 CCN	 activation	 ratio	 at	
supersaturations	of	0.3	–	0.7%	for	60	nm	SSA	produced	from	coastal	waters	near	California	
(Bates,	Quinn	et	al.	2012).	Interestingly,	the	same	study	found	suppressed	sub-100	nm	HGFs	
(not	shape	corrected)	of	10%,	consistent	with	that	observed	in	this	study	and	by	Fuentes	et	
al.,	 2011.	 Such	 discrepancies	 point	 to	 the	 potential	 for	 variable	 primary	 marine	 organic	
composition	to	impact	on	the	CCN	activation	of	SSA.	
	
It	should	be	noted	that	the	exact	role	of	aged	and	chemically	processed	SSA	as	CCN	cannot	be	
readily	determined	from	nascent	observations	because	SSA	composition	is	not	conservative	
and	will	therefore	be	different	to	than	at	the	point	of	production	(Laskin,	Moffet	et	al.	2012).	
In	addition,	 the	ability	 for	subsaturated	HGF	measurements	to	represent	CCN	activation	is	
uncertain.	Discrepancies	have	been	observed	with	the	presence	of	a	primary	(Ovadnevaite,	
O'Dowd	et	al.	2011)	or	secondary	(Good,	Topping	et	al.	2010)	organic	fraction.	Furthermore,	
given	the	presence	of	other	CCN	sources,	such	as	terrestrial	aerosols	from	the	east	coast	of	
Australia	or	other	marine	aerosols,	reductions	in	the	CCN	activation	ratio	of	SSA	emissions	
from	the	Great	Barrier	Reef	will	not	necessarily	result	 in	a	 large	reduction	in	ambient	CCN	
concentrations.	
3.4	Conclusions	
	
This	study	provides	an	insight	into	the	transfer	of	particles	into	the	aerosol	phase	from	the	
Great	Barrier	Reef.	We	have	demonstrated	the	presence	of	organic	and	inorganic	compounds	
in	 SSA	 with	 different	 volatilities	 and	 compared	 instrumental	 techniques,	 assessing	 their	
limitations.	A	summary	of	the	results	can	be	found	in	Table	3-1.		
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We	 observed	 a	 volatile	 organic	 fraction	 of	 60nm	 SSA	 particles	 emitted	 from	 reef	 waters	
ranging	from	10%	-	13%	that	appeared	independent	of	water	phase	biology.	A	non-volatile	
(below	550°C)	organic	fraction	ranging	from	39%	-	61%	was	also	observed	for	60nm	SSA.	The	
presence	 of	 these	 organics	 suppressed	 water	 uptake	 and	 corresponded	 to	 a	 6%	 -	 14%	
reduction	in	the	CCN	activation	ratio.	Aging	of	these	particles	in	the	atmosphere	is	likely	to	
further	change	their	water	uptake.	Additionally,	using	a	sea	salt	calibration	to	quantify	the	
total	sea	salt	in	a	cToF-AMS,	a	small	organic	volume	fraction	of	3%	-	6%	was	observed	for	SSA	
below	1	µm.	The	organic	mass	spectra	for	SSA	produced	from	coral	reef	waters	indicate	that	
these	organics	could	vary	slightly	from	those	in	ocean	SSA.		
	 	
The	work	presented	here	shows	opportunities	for	further	research	into	SSA	emissions	from	
the	 Great	 Barrier	 Reef	 or	 coral	 reefs	 in	 general.	 This	 would	 involve	 performing	 further	
experiments	 with	 water	 collected	 from	 the	 Great	 Barrier	 Reef	 with	 a	 larger	 variation	 in	
biological	 activity.	 Further	 characterisation	 and	 quantification	 of	 the	 organics	 in	 both	 the	
water	and	aerosol	phase	at	a	number	of	different	particles	sizes,	for	different	SSA	generation	
methods	and	from	water	samples	from	coral	reefs,	coastal	waters	and	open	oceans	would	be	
beneficial.	 In	 addition,	 experiments	 should	 be	 carried	 out	 that	 generate	 SSA	 from	water	
containing	live	corals.	Furthermore,	these	measurements	should	occur	across	all	seasons.	With	
concerns	regarding	the	survival	of	the	Great	Barrier	Reef	in	the	face	of	global	warming	and	
ocean	 acidification,	 the	 work	 presented	 here	 is	 an	 important	 extension	 towards	 further	
understanding	the	influence	of	coral	reefs	on	SSA	composition	and	CCN.	
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Abstract	
The	SAFIRED	(Savannah	Fires	in	the	Early	Dry	Season)	campaign	took	place	from	29th	of	May,	
2014	 until	 the	 30th	 June,	 2014	 at	 the	 Australian	 Tropical	 Atmospheric	 Research	 Station	
(ATARS)	in	the	Northern	Territory,	Australia.	The	purpose	of	this	campaign	was	to	investigate	
emissions	from	fires	in	the	early	dry	season	in	northern	Australia.	Measurements	were	made	
of	 biomass	 burning	 aerosols,	 volatile	 organic	 compounds,	 polycyclic	 aromatic	 carbons,	
greenhouse	gases,	radon,	mercury	cycle,	and	trace	metals.	Aspects	of	the	biomass	burning	
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aerosol	emissions	investigated	included;	emission	factors	of	various	emitted	species,	physical	
and	 chemical	 aerosol	 properties,	 aerosol	 aging,	 micronutrient	 supply	 to	 the	 ocean,	
nucleation,	and	aerosol	water	uptake.	Over	the	course	of	the	month-long	campaign,	biomass	
burning	signals	were	prevalent	and	emissions	from	several	large	single	burning	events	were	
observed	at	ATARS.		
Biomass	burning	emissions	dominated	the	gas	and	aerosol	concentrations	in	this	region.	
Nine	major	 biomass	 burning	 events	 were	 identified	 and	 associated	with	 intense	 or	 close	
individual	smoke	plumes.	Dry	season	fires	are	extremely	frequent	and	widespread	across	the	
northern	 region	 of	 Australia,	 which	 suggests	 that	 the	 measured	 aerosol	 and	 gaseous	
emissions	 at	 ATARS	 are	 likely	 representative	 of	 signals	 across	 the	 entire	 region	 of	 north	
Australia.	 Air	 mass	 forward	 trajectories	 show	 that	 these	 biomass	 burning	 emissions	 are	
carried	north	west	over	the	Timor	Sea	and	could	influence	the	atmosphere	over	Indonesia	
and	the	tropical	atmosphere	over	the	Indian	Ocean.	
The	outcomes	of	this	campaign	will	be	numerous.	This	region	is	an	environment	with	
little	human	impact	and	provides	a	unique	look	into	the	characteristics	of	biomass	burning	
aerosol	without	the	influence	of	other	significant	emission	sources.	Relationships	between	
the	aerosol	physical	and	chemical	properties,	gas	concentrations	and	meteorological	data	for	
the	entire	month	will	provide	fundamental	knowledge	required	to	understand	the	influence	
of	early	dry	season	burning	in	this	tropical	region	on	the	atmosphere.	In	this	paper	we	present	
characteristics	of	the	biomass	burning	observed	at	the	sampling	site	and	provide	an	overview	
of	the	more	specific	outcomes	of	the	SAFIRED	campaign.	
	
Keywords:	
	
Biomass	burning	|	savannah	fires	|	greenhouse	gases	|	aerosols	|	mercury	
	
4.1	Introduction	
	
Tropical	north	Australia	is	dominated	by	savannah	ecosystems.	This	region	consists	of	dense	
native	and	exotic	grasslands	and	scattered	trees	and	shrubs.	Conditions	are	hot,	humid	and	
wet	in	the	summer	months	of	December	through	March	with	hot,	dry	conditions	for	the	rest	
of	 the	 year	 giving	 rise	 to	 frequent	 fires	 between	 June	 and	 November	 each	 year.	 Human	
settlements	are	relatively	scarce	in	northern	Australia,	outside	of	the	territory	capital,	Darwin	
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(population	of	146	000).	To	the	north	of	the	continent	are	the	tropical	waters	of	the	Timor	
Sea,	as	well	as	the	highly	populated	Indonesian	archipelago.	South	of	the	savannah	grasslands	
are	the	Tanami,	Simpson	and	Great	Sandy	Deserts,	spanning	hundreds	of	thousands	of	square	
kilometers.	Emissions	from	fires	in	the	savannah	regions	of	northern	Australia	are	therefore	
the	 most	 significant	 regional	 source	 of	 greenhouse	 and	 other	 trace	 gases,	 as	 well	 as	
atmospheric	aerosol.	Globally,	savannah	and	grassland	fires	are	the	largest	source	of	carbon	
emissions	(van	der	Werf	et	al.,	2010;Shi	et	al.,	2015)	and	play	a	significant	role	in	the	earth’s	
radiative	budget.	It	is	therefore	important	to	quantify,	characterise	and	fully	understand	the	
emissions	 from	 savannah	 fires	 in	 northern	 Australia,	 taking	 into	 account	 the	 complexity,	
variability	and	diversity	of	the	species	emitted.		
	
In	Australia	approximately	550	000	km2	of	tropical	and	arid	savannahs	burn	each	year	(Meyer	
et	al.,	2012;Russell-Smith	et	al.,	2007),	representing	7%	of	the	continent’s	land	area.	In	the	
tropical	 north	 of	 Australia,	 the	 fires	 during	 the	 early	 dry	 season	 in	 May/June	 consist	 of	
naturally	 occurring	 and	 accidental	 fires,	 as	 well	 as	 prescribed	 burns	 under	 strategic	 fire	
management	practice	to	reduce	the	frequency	and	intensity	of	more	extensive	fires	in	the	
late	dry	season	in	October	and	November	(Andersen	et	al.,	2005).	These	fires	in	the	early	dry	
season	burn	with	a	low	to	moderate	intensity	and	are	normally	confined	to	the	grass-layer.	
Events	where	fires	reach	the	canopy	level	are	rare.	These	prescribed	burns	are	an	important	
process	 for	 the	 region	 and	 are	 undertaken	 by	 local	 landholders	 with	 permits,	 as	 well	 as	
government	 supported	bodies	 and	 volunteers.	 There	has	been	a	 recent	push	 to	 reinstate	
traditional	 Aboriginal	 fire	management	 regimes	 in	 this	 region	 (Russell-Smith	 et	 al.,	 2013).	
Other	fire	management	regimes	are	implemented	in	similar	environments	around	the	world,	
such	as	the	savannah	ecosystems	of	Africa	(Govender	et	al.,	2006)	or	the	chaparral	grasses	in	
the	United	States	(Akagi	et	al.,	2012).	In	general,	fire	management	regimes	are	considered	to	
benefit	regional	biodiversity	and	can	lead	to	the	long-term	increase	in	living	biomass,	resulting	
in	 a	 reduction	 of	 greenhouse	 gas	 emissions	 (Russell-Smith	 et	 al.,	 2013).	 Quantifying	 the	
emissions	from	dry	season	fires	on	regional	scales	is	essential	for	understanding	the	impact	
of	these	fires	on	the	local	and	global	atmosphere.	
	
The	components	and	concentrations	of	emissions	from	savannah	fires	are	dependent	upon	
the	vegetation	and	burning	conditions.	While	CO2	is	the	primary	product	of	biomass	burning	
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(BB),	incomplete	combustion	also	results	in	the	emission	of	many	other	trace	gases	such	as	
CO,	CH4,	NOx,	N2O	as	well	as	non	methane	organic	compounds	(NMOCs)	and	aerosol	particles	
composed	of	elemental	carbon,	organic	carbon	and	some	 inorganic	material	 (Crutzen	and	
Andreae,	1990).	The	state	of	organics	in	BB	aerosols	can	vary	significantly	due	to	the	type	of	
plant	material	burned,	 the	characteristics	of	 the	 fires	 themselves	as	well	as	 through	aging	
processes	in	the	atmosphere.	
	
The	effects	of	these	emissions	on	radiative	forcing	are	complex.	The	global	average	radiative	
forcing	due	to	BB	aerosol-radiation	interaction	is	estimated	in	the	5th	International	Panel	on	
Climate	Change	report	as	0.0	W	m-2	with	an	uncertainty	range	of	-0.20	to	+0.20	Wm-2	(Bindoff	
et	al.,	2013).	It	is	well	known	that	greenhouse	gases	have	a	positive	radiative	forcing,	heating	
up	the	atmosphere.	Light	absorbing	carbon	in	the	aerosol	phase	will	also	result	in	a	positive	
radiative	 forcing	 (Jacobson,	 2001)	 by	 absorbing	 shortwave	 radiation.	 Conversely,	 the	
presence	of	aerosol	organic	and	inorganic	matter	can	result	in	a	negative	radiative	forcing	by	
scattering	 solar	 radiation	 (Penner	 et	 al.,	 1998).	 In	 addition,	 BB	 has	 been	 shown	 to	 be	 a	
significant	source	of	cloud	condensation	nuclei	 (CCN),	despite	typically	being	composed	of	
weakly	hygroscopic	substances	 	 (Lawson	et	al.,	2015),	due	to	the	high	number	of	particles	
emitted.	 This	 can	 result	 in	 a	 change	 in	 cloud	droplet	 concentrations	and	volume,	 thereby	
influencing	 cloud	 formation,	 albedo	 and	 lifetime.	 The	 contribution	 of	 each	 species	 to	 the	
overall	radiative	forcing	is	also	likely	to	change	as	smoke	plumes	age	(Liousse	et	al.,	1995).	
Furthermore,	not	all	BB	aerosol	will	 interact	with	radiation	 in	the	same	way.	For	example,	
fresh	BB	emissions	in	the	tropics	has	been	observed	to	be	more	absorbing	than	those	from	
boreal	forest	fires(Wong	and	Li,	2002).	The	role	of	BB	emissions	is	not	limited	to	the	Earth's	
radiative	 budget.	 Certain	 species	 of	 emissions	 (e.g.,	 mercury)	 can	 be	 deposited	 and	
sequestered	 in	 soil	 (Gustin	 et	 al.,	 2008),	 vegetation	 (Rea	 et	 al.,	 2002)	 or	 bodies	 of	water	
(LaRoche	and	Breitbarth,	2005).	
	
There	is	a	need	for	a	better	scientific	understanding	of	the	influence	biomass	burning	has	on	
atmospheric	 composition	 and	 air	 quality	 (Kaiser	 and	 Keywood,	 2015).	 	 Furthermore,	 the	
tropics	are	disproportionately	under-sampled	and	the	atmospheric	and	ocean	processes	in	
these	 regions	 are	 of	 both	 regional	 and	 global	 consequence.	 The	 SAFIRED	 campaign	 will	
	 93	
contribute	towards	better	understanding	BB	emissions	and	the	atmospheric	composition	in	
tropical	Australia.		
	
4.2	Description	of	experiment	
	
4.2.1	Site		
The	Australian	Tropical	Atmospheric	Research	Station	(ATARS;	12°14'56.6"S,	131°02'40.8"E) 
is	 located	 on	 the	 Gunn	 Point	 peninsula	 in	 northern	 Australia	 (see	 Figure	 4-1).	 ATARS	 is	
operated	by	the	Australian	Bureau	of	Meteorology	and	the	CSIRO	(Commonwealth	Scientific	
and	 Industrial	 Research	 Organisation).	 Standard	 meteorological	 measurements	 (wind	
velocity,	atmospheric	pressure,	precipitation)	run	permanently	at	ATARS	and	two	laboratories	
are	in	place	for	the	installation	of	other	instruments.	The	SAFIRED	campaign	took	place	from	
29th	May	2014	until	the	30th	June	2014,	with	personnel	and	instruments	from	nine	institutes	
utilising	 these	 laboratories	 to	 make	 comprehensive	 gaseous	 and	 aerosol	 measurements	
during	this	period	of	the	early	dry	season.	
	
4.2.2	Instruments	and	measurements	
4.2.2.1	Greenhouse	gases	
Continuous	measurement	of	CO2,	CO,	CH4	and	N2O	were	made	using	a	high	precision	FTIR	
trace	 gas	 and	 isotope	 Spectronus	 analyser,	 developed	 by	 the	 Centre	 for	 Atmospheric	
Chemistry	 at	 the	 University	 of	 Wollongong.	 The	 analyser	 combines	 a	 Fourier	 Transform	
Infrared	(FTIR)	Spectrometer	(Bruker	IRcube),	a	pressure	and	temperature	controlled	multi-
pass	 cell	 and	 an	 electronically	 cooled	 mercury	 cadmium	 telluride	 detector.	 A	 detailed	
description	of	the	instrument	and	concentration	retrieval	technique	are	available	in	Griffith	
et	al.	(2012)	and	Griffith	(1996).		
	
4.2.2.2	Ozone	and	other	trace	gases	
A	Multi	Axis	Differential	Optical	Absorption	Spectrometer	(MAX-DOAS)	was	installed	on	the	
top	of	one	of	the	laboratories	during	the	campaign.	The	technique	has	been	shown	to	provide	
vertical	profile	of	nitrogen	dioxide,	ozone,	sulfur	dioxide,	formaldehyde,	glyoxal	and	aerosol	
extinction	(Sinreich	et	al.,	2005;Honninger	et	al.,	2004).	The	MAX-DOAS	instrument	used	in	
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this	 campaign	 was	 designed	 and	 built	 at	 the	 University	 of	 Wollongong.	 It	 consists	 of	 a	
vertically	rotating	prism	capturing	scattered	solar	radiation	at	different	angles	(1°,	2°,	4°,	8°,	
16°,	30°	and	a	reference	at	90°)	 into	a	fibre	optic	that	carries	the	radiation	to	a	UV-Visible	
spectrometer	 (AvaSpec	 –	 ULS3648).	 Furthermore,	 a	 Thermo	 Scientific	 model	 49i	 UV	
Photomeric	Ozone	analyser	was	used	to	measure	ozone	concentrations.	
	
4.2.2.3	Non	methane	organic	compounds	
Online	NMOC	measurements	were	made	using	a	high	sensitivity	Proton	Transfer	Reaction-
Mass	Spectrometer	(PTR-MS;	Ionicon	Analytik)	using	H3O+	as	the	primary	ion.	The	inlet	was	
10	m	in	length	and	drew	air	at	5	L	min-1	from	2	m	above	the	roof	(approx	5.5	m	above	ground	
level).	The	PTR-MS	ran	with	inlet	and	drift	tube	temperature	of	60	ºC,	600	V	drift	tube,	and	
2.2	 mbar	 drift	 tube	 pressure,	 which	 equates	 to	 an	 energy	 field	 of	 135	 Td.	 The	 PTR-MS	
sequentially	scanned	masses	15-190,	with	1	second	dwell	time.	The	PTR-MS	operated	with	
the	aid	of	auxiliary	equipment	which	regulates	the	flow	of	air	in	the	sample	inlet	and	controls	
whether	the	PTR-MS	is	sampling	ambient	or	zero	air	or	calibration	gas	(Galbally	et	al.,	2007).	
During	the	campaign	the	PTR-MS	was	calibrated	once	per	day	for	the	following	compounds	
using	 certified	 gas	 standards	 from	 Apel	 Riemer	 Environmental	 Inc,	 USA	 and	 Air	 Liquide	
Specialty	Gases,	USA:	acetaldehyde,	acetone,	acetonitrile,	benzene,	methacrolein,	methanol,	
methyl	 ethyl	 ketone,	 toluene,	 1,3,5-trimethyl	 benzene,	 m-xylene,	 chlorobenzene,	 alpha	
pinene,	 1,2-dichlorobenzene,	 1,3,4	 trichlorobenzene,	 dimethyl	 sulphide	 and	 isoprene.	
Calibration	 data	 were	 used	 to	 construct	 sensitivity	 plots,	 which	 were	 used	 to	 calculate	
approximate	response	factors	for	other	masses	not	specifically	calibrated.	
	
During	 sampling,	 carbonyls	 and	 dicarbonyls	 were	 trapped	 on	 S10	 Supelco	 cartridges,	
containing	high-purity	silica	adsorbent	coated	with	2,4-dinitrophenylhydrazine	(DNPH,	where	
they	were	converted	to	the	hydrazone	derivatives.	Samples	were	refrigerated	immediately	
after	sampling	until	analysis.	The	derivatives	were	extracted	from	the	cartridge	in	2.5	mL	of	
acetonitrile	 and	 analysed	 by	 high	 performance	 liquid	 chromatography	 with	 diode	 array	
detection.	 The	 diode	 array	 detection	 enables	 the	 absorption	 spectra	 of	 each	 peak	 to	 be	
determined.	The	difference	in	the	spectra	highlights	which	peaks	in	the	chromatograms	are	
mono-	 or	 dicarbonyl	 DNPH	 derivatives	 and,	 along	 with	 retention	 times,	 allows	 the	
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identification	of	the	dicarbonyls	glyoxal	and	methylglyoxal.	Further	details	can	be	found	in	
Lawson	et	al.	(2015).	
	
4.2.2.4	PAHs	
PAHs	were	sampled	 through	a	high-volume	air	 sampler	 (Kimoto	Electric	Co.,	 LTD.)	using	a	
sampling	rate	typically	at	~60	m-3	h-1.	The	sampling	rate	was	calibrated	using	an	orifice	plate	
prior	 to	 the	 sampling	 campaign	 and	 the	 sampling	 volume	 was	 calculated	 based	 on	 the	
calibrated	sampling	rate	and	sampling	duration.	A	bypass	gas	meter	installed	on	the	sampler	
was	used	 to	monitor	any	anomalous	 fluctuation	of	 the	 sampling	 rate	during	 the	 sampling	
period.	 Particle-associated	 and	 gaseous	 PAHs	 were	 collected	 on	 glass	 fibre	 filters	
(Whatman™,	203×254	mm,	grade	GF/A	in	sheets)	and	subsequent	polyurethane	foam	plugs	
respectively.	The	glass	fibre	filters	and	polyurethane	foam,	along	with	the	field	blank	samples,	
were	 extracted	 separately	 using	 an	 Accelerated	 Solvent	 Extractor	 (Thermo	 Scientific™	
Dionex™	ASE™	350)	after	being	spiked	with	a	solution	containing	7	deuterated	PAHs	(i.e.	2D10-
phenanthrene,	2D10-fluoranthene,	2D12-chrysene,	2D12-benzo[b]fluoranthene,	2D12-BaP,	2D12-
indeno[1,2,3-cd]pyrene,	 2D12-benzo[g,h,i]perylene)	 at	different	 levels	 as	 internal	 standards	
for	quantification	purposes.	Concentrated	extracts	were	cleaned	up	by	neutral	alumina	and	
neutral	silica.	Eluents	were	carefully	evaporated	to	near	dryness	and	refilled	with	250	pg	of	
13C12-PCB	 (polychlorinated	 biphenyl)	 141	 (in	 25	 µL	 isooctane)	 employed	 as	 the	
recovery/instrument	standard	for	estimating	the	recoveries	of	the	spiked	internal	standards	
and	monitoring	the	performance	of	the	analytical	instrument.	Samples	were	analysed	using	
a	 Thermo	 Scientific™	 TRACE™	 1310	 gas	 chromatograph	 coupled	 to	 a	 Thermo	 Scientific™	
double-focusing	 system™	 Magnetic	 Sector	 high	 resolution	 mass	 spectrometer.	 This	 was	
operated	in	electron	impact-multiple	ion	detection	mode	and	resolution	was	set	to	≥	10,000	
(10%	valley	definition).	An	 isotopic	dilution	method	was	used	to	quantify	13	PAH	analytes	
including	phenanthrene,	anthracene,	fluoranthene,	pyrene,	benzo[a]anthrancene,	chrysene,	
benzo[b]fluoranthene,	benzo[k]fluoranthene,	benzo[e]pyrene,	BaP,	indeno[1,2,3-cd]pyrene,	
dibenzo[a,h]anthracene,	benzo[g,h,i]perylene.	
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4.2.2.5	Mercury	
Total	gaseous	mercury,	gaseous	elemental	mercury	+	gaseous	oxidised	mercury	(TGM;	GEM	
+	GOM),	was	sampled	from	a	10	m	mast	and	measured	via	gold	pre-concentration	and	cold	
vapour	atomic	fluorescence	spectroscopy	using	a	Tekran	2537X	instrument.	Simultaneously,	
GEM,	 GOM	 and	 PBM	 were	 individually	 measured	 using	 a	 Tekran	 2537B	 connected	 to	 a	
combined	Tekran	1130/1135	speciation	unit	sampling	at	a	5.4	m	height.	The	sampling	train	
of	the	1130/1135	collects	first	GOM	(KCl-coated	denuder)	then	PBM	(quartz	wool	pyrolyser)	
in	series	from	a	10	L	min-1	sampling	flow,	allowing	GEM	only	to	flow	onwards	for	detection	by	
subsampling	by	the	2537B.	Due	to	the	small	atmospheric	concentrations	of	GOM	and	PBM,	
pre-concentration	 occurred	 over	 a	 1-hour	 period	 with	 subsequent	 analysis	 taking	 an	
additional	 hour.	 Continuous	 measurements	 of	 GEM	 at	 5-minute	 resolution	 were	 made	
possible		for	the	2537B	unit	by	rotating	pre-concentration/analysis	roles	of	the	two	internal	
gold	traps.	Both	2537	units	sampled	at	1	L	min-1	and	were	calibrated	every	23	hours	using	an	
internal	 mercury	 permeation	 source.	 For	 more	 information	 on	 the	 2537	 and	 1130/1135	
systems	see	Landis	et	al.	(2002)	and	Steffen	et	al.	(2008).	
	
GEM	fluxes	were	measured	using	the	methods	outlined	in	Edwards	et	al.	(2005).	Air	samples	
were	 drawn	 at	 heights	 of	 5.2	 and	 8.0	 m	 through	 46.4	 m	 of	 nylon	 tubing	 using	 a	 PTFE	
diaphragm	pump	operating	at	10	L	min-1.	Subsampling	from	this	flow	through	a	0.2	µm	PTFE	
filter	 at	 1	 L	 min-1	 by	 a	 Tekran	 2537A,	 and	 switching	 between	 sample	 intakes,	 allowed	
resolution	of	a	GEM	gradient	every	30	minutes.	The	transfer	velocity	was	measured	using	a	
Campbell	 Scientific	 CSAT3	 sonic	 anemometer	 and	 LI-COR	 7200	 closed	 path	 infrared	 gas	
analyser	 for	 CO2,	 both	 located	 on	 the	 same	 tower	 as	 the	 gradient	 intakes	 at	 6.6	 m	 and	
sampling	at	20	Hz.	
	
4.2.2.6	Radon	 	
Radon-222	(radon)	is	a	naturally	occurring	radioactive	noble	gas	that	arises	from	the	alpha-
particle	decay	of	radium-226,	which	is	ubiquitous	in	most	soil	and	rock	types.	With	a	half-life	
of	3.82	days,	radon	has	thus	proven	to	be	an	excellent	indicator	of	recent	(within	2-3	weeks)	
terrestrial	influences	on	air	masses	for	observations	at	coastal	or	island	sites	(Chambers	et	al.,	
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2014).	Radon	is	unreactive	and	poorly	soluble,	and	 its	only	atmospheric	sink	 is	radioactive	
decay.	Furthermore,	it	has	a	half-life	comparable	to	the	lifetimes	of	short-lived	atmospheric	
pollutants	(e.g.,	NOx,	SO2)	and	atmospheric	residence	time	of	water	and	aerosols.	Radon’s	
unique	combination	of	physical	characteristics	make	it	an	ideal	tracer	for	(i)	regional	air	mass	
transport	studies,	in	which	it	is	often	used	in	conjunction	with	air	mass	back	trajectories	for	
fetch	 analyses	 (Williams	 et	 al.,	 2009;Chambers	 et	 al.,	 2014);	 (ii)	 investigations	 of	 vertical	
mixing	 processes	within	 the	 daytime	 convective	 boundary	 layer	 (Williams	 et	 al.,	 2011)	 or	
nocturnal	 boundary	 layer	 (Chambers	 et	 al.,	 2015);	 (iii)	 identifying	 periods	 of	 minimal	
terrestrial	influence	on	a	measured	air	mass	(“baseline”	studies;	(Chambers	et	al.,	2016));	(iv)	
performing	 regional	 flux	 or	 inventory	 analyses	 for	 trace	 atmospheric	 species	with	 similar	
source	distributions	(Biraud	et	al.,	2000)	and	(v)	evaluating	the	performance	of	transport	and	
mixing	schemes	in	climate	and	chemical-transport	models	(Locatelli	et	al.,	2015).	
	
In	order	to	measure	Radon	concentrations,	a	700	L	dual-flow-loop	two-filter	radon	detector,	
designed	 and	 built	 by	 the	 Australian	 Nuclear	 Science	 and	 Technology	 Organisation	
(Whittlestone	and	Zahorowski,	1998;Chambers	et	al.,	2014),	was	 installed	at	 the	ATARS	 in	
2011	and	has	been	fully	operational	since	July	2012.	The	detector	provided	continuous	hourly	
radon	concentrations	for	the	duration	of	the	SAFIRED	campaign,	sampling	air	at	40	L	min-1	
from	12	m	above	ground	level	through	25	mm	high-density	polyethylene	agricultural	pipe.	A	
coarse	aerosol	filter	and	dehumidifier	were	installed	“upstream”	of	the	detector,	as	well	as	a	
400	L	delay	volume	to	ensure	that	thoron	(220Rn,	half-life	55	s)	concentrations	in	the	inlet	air	
stream	were	reduced	to	less	than	0.5	%	of	their	ambient	values.	The	detector’s	response	time	
is	around	45	minutes,	and	the	lower	limit	of	detection	is	40	-	50	mBq	m-3.	Calibrations	are	
performed	on	a	monthly	basis	by	injecting	radon	from	a	PYLON	101.15±4%	kBq	Ra-226	source	
(12.745	Bq	min-1	222Rn),	traceable	to	NIST	standards,	and	instrumental	background	is	checked	
every	3	months.	In	post	processing,	half-hourly	raw	counts	were	integrated	to	hourly	values	
before	calibration	to	activity	concentrations	(Bq	m-3).		
	
4.2.2.7	Aerosol	Drying	System	
An	Automated	Regenerating	Aerosol	Diffusion	Dryer	(ARADD)	is	permanently	installed	on	the	
roof	of	 the	 laboratory	 containing	 the	aerosol	 instrumentation	 for	 this	 campaign.	 This	was	
used	 in	 front	of	 the	aerosol	manifold	 to	continuously	dry	 the	aerosol	 sample.	The	ARADD	
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design,	similar	to	that	described	by	Tuch	et	al.	 (2009),	continuously	conditions	the	aerosol	
sample	to	a	relative	humidity	of	below	40%	with	maximum	aerosol	transmission	efficiency.	
The	ARADD	utilizes	two	diffusion	drying	columns	in	parallel,	each	containing	7	stainless	steel	
mesh	tubes	of	10	mm	internal	diameter	and	approximately	800	mm	length,	surrounded	by	a	
cavity	packed	with	silica	gel.	The	aerosol	sampled	is	directed	into	one	column	at	a	time,	while	
the	 other	 column	 is	 regenerated	 by	 an	 ultra-dry	 compressed	 air	 system.	 All	 flows	 are	
controlled	by	software	that	directs	sample	flow	and	compressed	air	flow	to	the	appropriate	
column	with	a	series	of	valves.	The	ARADD	has	a	Total	Suspended	Particulate	style	intake	at	
the	 inlet	 of	 the	 aerosol	 sample	 path,	 and	 a	 sample	manifold	 at	 the	 exit	 of	 the	 system	 to	
provide	sampling	take-offs	for	the	various	aerosol	instruments	connected	to	the	ARADD.	Flow	
through	the	ARADD	is	provided	by	the	instruments	and	pumps	connected	downstream.	The	
ambient	 and	 inlet	 relative	 humidity	 for	 the	 entire	 sampling	 period	 were	 logged	 and	 are	
displayed	in	Supplementary	Figure	S4-1.	
4.2.2.8	Aerosol	Size	
Aerosol	size	distributions	were	measured	with	a	Scanning	Mobility	Particle	Sizer	(SMPS).	A	TSI	
3071	long-column	electrostatic	classifier	with	a	TSI	3772	Condensation	Particle	Counter	(CPC)	
measured	the	size	distribution	over	a	range	of	14	nm	to	670	nm	at	a	scan	interval	of	5	minutes.	
	
In	 addition	 to	 the	 aerosol	 size	 distributions	measured	 by	 the	 SMPS,	 neutral	 and	 charged	
aerosol	particle	distributions	from	0.8	nm	to	42	nm	were	measured	using	a	Neutral	cluster	
and	Air	Ion	Spectrometer	(NAIS)(Manninen	et	al.,	2009;Mirme	et	al.,	2007).	In	this	study,	the	
NAIS	was	set	to	operate	in	a	cycle	of	4	min	including	ion	and	neutral	particle	sampling	periods	
of	2	and	1	minute,	respectively,	with	the	remaining	minute	being	an	offset	period	which	is	
required	to	neutralize	and	relax	the	electrodes.	The	total	sampling	air	flow	was	60	L	min-1,	the	
high	flow	rate	being	used	to	minimize	ion	diffusion	losses	and	maximize	the	measured	ion	
concentration	sensitivity.	Ion	losses	are	accounted	for	during	post-processing	of	the	data	by	
the	software	(Mirme	et	al.,	2007).	
	
4.2.2.9	Aerosol	Composition	and	Water	Uptake	 	
PM1	and	PM10	12-hour	filter	samples	(night	and	day)	were	collected	on	a	TAPI	602	Beta	plus	
particle	 measurement	 system	 (BAM).	 Portions	 of	 the	 PM1	 filters	 have	 been	 analysed	 for	
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elemental	 and	 organic	 carbon	 mass	 loadings	 using	 a	 DRI	 Model	 2001A	 Thermal-Optical	
Carbon	 Analyzer	 following	 the	 IMPROVE-A	 temperature	 protocol	 (Chow	 et	 al.,	 2007b).	
Additional	portions	of	the	PM1	filters	were	extracted	in	5	ml	of	18.2	mΩ	de-ionized	water	and	
preserved	using	1%	chloroform.	These	extracts	will	be	analysed	for	major	water-soluble	ions	
by	suppressed	ion	chromatography	and	for	anhydrous	sugars	including	levoglucosan	by	high-
performance	anion-exchange	chromatography	with	pulsed	amperometric	detection	(Iinuma	
et	al.,	2009).	
	
Daily	 aerosol	 filters	 were	 collected	 using	 two	 Ecotech	 3000	 high-volume	 volumetric	 flow	
controlled	 aerosol	 samplers	with	 PM10	 size	 selective	 inlets.	One	high-volume	 sampler	was	
used	to	collect	aerosols	on	acid	cleaned	Whatman	41	filters	to	determine	the	soluble	and	total	
fraction	of	trace	metals.	Soluble	trace	metals	were	extracted	from	a	filter	aliquot	using	ultra-
pure	 water	 (>18.2	 mΩ)	 leaching	 experiments.	 Total	 trace	 metal	 concentrations	 were	
determined	 by	 digesting	 a	 second	 filter	 aliquot	with	 concentrated	 nitric	 and	 hydrofluoric	
acids.	Leachates	and	digested	solutions	were	analysed	by	high	resolution	inductively	couple	
plasma	mass	spectrometry.	The	second	sampler	was	used	to	collect	a	set	of	aerosol	samples	
on	quartz	filters	for		elemental	and	organic	carbon	analysis	following	(Chow	et	al.,	2007a),	and	
major	anion	and	cation	analysis.		
	
The	volatility	and	hygroscopicity	of	50	nm	and	150	nm	particles	were	measured	with	a	custom	
built	Volatility	 and	Hygroscopicity	 Tandem	Differential	Mobility	Analyser	 (VH-TDMA).	 Inlet	
dried	 particles	were	 size	 selected	 (alternating	 between	 50	 and	 150	 nm)	 using	 a	 TSI	 3080	
electrostatic	classifier.	Scans	alternated	between	two	different	sample	pathways.	In	the	first,	
after	size	selection,	particles	were	passed	through	a	thermodenuder	set	to	120°C.	The	sample	
line	was	then	split	so	that	half	went	to	an	SMPS	comprised	of	a	TSI	3080	classifier	and	a	TSI	
3010	CPC	(V-TDMA).	The	rest	of	the	sample	was	passed	through	a	humidifying	system	that	
exposed	the	particles	to	a	relative	humidity	of	90%	before	being	brought	into	another	SMPS	
with	 a	 3080	 classifier	 and	 3010	 CPC	 (H-TDMA).	 Alternatively,	 the	 thermodenuder	 was	
bypassed	in	every	second	scan	so	that	the	V-TDMA	was	used	to	verify	the	size	selection	and	
the	H-TDMA	was	able	to	observe	the	hygroscopic	growth	of	ambient	particles.	Each	scan	ran	
for	3	minutes,	giving	a	full	set	of	data	every	12	minutes.		
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The	 chemical	 composition	 and	 properties	 of	 non-refractory	 sub-micron	 particles	 were	
investigated	with	a	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	(cToF-AMS,	Aerodyne	
Research,	 Inc.)	 and	 a	 Time	 of	 Flight	 Aerosol	 Chemical	 Speciation	 Monitor	 (ToF-ACSM,	
Aerodyne	Research,	 Inc.).	 Both	of	 these	 instruments	operate	with	 the	 same	principle	 and	
have	many	identical	components.	An	aerodynamic	lens	in	the	inlet	of	each	instrument	focuses	
the	particles	into	a	beam	and	differential	pumping	removes	most	of	the	gas	phase.	Particles	
are	flash	vaporized	at	600°C	and	ionized	by	electron	impact	before	passing	through	a	time-
of-flight	mass	spectrometer	to	a	multi-channel	plate	detector	in	the	cToF-AMS	and	a	dynode	
detector	in	the	ToF-ACSM.	The	cToF-AMS	has	the	added	benefit	of	having	a	particle	Time-of-
Flight	 (pToF)	mode,	which	allows	 the	size	 resolved	chemical	composition	 to	be	measured.	
Both	instruments	sampled	through	a	PM2.5	inlet	and	nafion	dryer.	In	addition,	the	inlet	of	the	
cToF-AMS	was	 incorporated	 into	 the	 VH-TDMA	 system,	 so	 that	 when	 the	 VH-TDMA	was	
measuring	 ambient	 particles,	 the	 cToF-AMS	 would	 draw	 particles	 through	 the	
thermodenuder	 set	 at	 120°C	 and	 vice-versa.	 This	 gives	 additional	 information	 about	 the	
chemical	composition	of	the	volatile	component	of	submicron	particles.		
	
The	number	of	particles	activated	to	cloud	droplets	were	measured	using	a	Continuous-Flow	
Steam	 Wise	 Thermal	 Gradient	 Cloud	 Condensation	 Nuclei	 Counter	 (CCNC)	 from	 Droplet	
Measurement	 Technologies	 Inc.	 (DMT,	model	No.	 100).	 Particles	were	 exposed	 to	 a	 0.5%	
supersaturation	 and	 activated	 particles	 greater	 than	 1µm	 were	 counted	 with	 an	 Optical	
Particle	Counter	using	a	50	mW,	658	nm	laser	diode.		
	
4.2.2.10	Back	trajectories	
Hourly	10-day	air	mass	back	trajectories	terminating	at	ATARS	were	produced	using	the	NOAA	
HYSPLIT	model	 (Draxler	and	Rolph,	2003),	and	catalogued	 in	a	data	base	 for	use	with	 the	
SAFIRED	campaign	data	set.	Global	Data	Assimilation	System	input	files	with	0.5°	resolution	
were	obtained	from	NOAA	ARL	FTP	site	(http://ready.arl.noaa.gov/gdas1.php)	to	drive	the	
HYSPLIT	model.	
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4.2.2.11	Satellite	detection	of	fires	
Data	on	the	location	of	fires	was	collected	from	the	Australian	national	bushfire	monitoring	
system,	 Sentinel	 Hotspots.	 Hotspot	 locations	 are	 derived	 from	 the	 Moderate	 Resolution	
Imaging	Spectroradiometer	(MODIS)	sensors	on	the	Terra	and	Aqua	satellites	and	the	Visible	
Infrared	Imaging	Radiometer	Suite	(VIIRS)	sensor	on	the	Suomi	NPP	satellite.	The	Terra,	Aqua	
and	Suomi	NPP	satellites	fly	over	the	region	around	ATARS	at	approximately	10:30	am,	3	pm	
and	2:30	pm,	respectively.	Detection	of	 fires	 is	therefore	 limited	to	those	that	are	flaming	
during	these	times.		
	
4.3	Overview	of	Campaign	
	
Fires	and	air	masses	
	
Figure	4-1	The	HYSPLIT	(a)	back	and	(b)	forward	trajectories	to	and	from	the	ATARS	site,	truncated	to	five	days.	The	colour	
scale	represents	the	air	mass	trajectory	density,	normalised	to	1.	Grey	dots	are	MODIS	and	VIIRS	detected	hotspots	from	
the	30th	of	May	2016	until	the	29th	of	June	2016.	
Thousands	of	fires	were	observed	in	during	the	period	of	the	SAFIRED	campaign	in	Australia	
by	the	MODIS	and	VIIRS	sensors	on	the	Terra	and	Aqua	NASA	satellites.	The	vast	majority	of	
these	occurred	 in	 the	 savannah	 regions	of	northern	Australia	 (Figure	4-1).	 The	number	of	
detected	fires	on	each	day	within	10	km,	20	km,	50	km,	100	km	and	200	km	of	the	sampling	
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location	was	determined	(Figure	4-2).	Several	fires	within	10km	were	detected	on	the	30th	of	
May	and	the	9th,	10th,	25th	and	the	26th	of	June.	These	correspond	with	the	highest	gaseous	
and	aerosol	signals.	The	periods	between	the	11th	and	24th	of	June	had	very	few	detected	fires	
within	50km	of	the	station.	Satellite	flyby	times	were	in	the	early	afternoon	local	time	each	
day	and	therefore	fires	not	occuring	during	these	times	would	not	be	recorded.	Airmass	back	
trajectories	 from	 the	 ATARS	 site	 show	 that	 air	 masses	 over	 the	 study	 period	 were	
predominately	southeasterly	(Figures	4-1a	and	4-4c),	generally	over	the	regions	where	fires	
were	frequently	detected.		
	
Figure	4-2	The	number	of	hotspots	observed	each	day	within	(a)	200	km,	(b)	100	km,	(c)	50	km,	(d)	20	km	and	(e)	10	km	of	
the	ATARS,	as	detected	by	the	MODIS	and	VIIRS	sensors	on	the	Terra	and	Aqua	satellites.	
Afternoon	radon	concentrations	provide	further	information	regarding	the	regional	air	mass	
fetch	 and	 the	 degree	 of	 contact	 with	 the	 land	 surface	 (red	 line,	 Figure	 4-3a).	 Over	 the	
campaign	period,	air	masses	with	the	 least	 terrestrial	 fetch	 (low	radon	 indicates	strongest	
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oceanic	signature)	were	observed	on	June	4-6	and	20-22,	whereas	June	8-9,	17-18	and	29-30	
represented	periods	of	particularly	extensive	continental	fetch.		
	
Figure	 4-3	 Hourly	 ATARS	 	 radon	 observations	 for	 June	 2014:	 (a)	 observed	 hourly	 data,	 and	 afternoon-to-afternoon	
interpolated	 values	 (indicative	 of	 changes	 in	 the	 regional	 air	 mass	 fetch);	 and	 (b)	 difference	 in	 radon	 concentration	
between	the	hourly	observations	and	interpolated	afternoon	values	(indicative	of	diurnal	variability).	
A	pronounced	diurnal	variability	can	clearly	be	seen	in	the	∆Rn	signal	(Figure	4-3b).		Mean	
hourly	diurnal	composites	of	radon	concentrations,	wind	speed,	wind	direction	and	dew	point	
temperature	at	the	ATARS	site	during	the	period	of	the	SAFIRED	campaign	are	shown	in	Figure	
4-4.	Following	the	technique	described	in	Chambers	et	al.	(2016),	these	composites	have	been	
computed	separately	for	three	diurnal	mixing	categories	based	on	the	mean	∆Rn	over	the	12	
hour	period	2000-0800	h:	
Strong	mixing:		 ∆Rn12	<	5400	mBq	m-3	
Moderate	mixing:	 5400	≤	∆Rn12	<	6700	mBq	m-3	
Weak	mixing:	 	 	 ∆Rn12	≥	6700	mBq	m-3	
The	air	masses	predominantly	originated	 	 from	the	southeast	as	 indicated	 in	Figure	1	and	
Figure	 4-4c.	 Starting	 from	 approximately	 10:00	 am	 each	 morning,	 however,	 sea	 breeze	
circulations	slowly	 turn	the	measured	wind	direction	around	from	southeast	 to	northeast,	
before	reverting	back	to	the	dominant	wind	direction	again	at	around	midnight.	Wind	speeds	
reached	a	maximum	just	before	midday	and	were	at	their	lowest	just	before	midnight	(Figure	
4-4b).	The	“strong	mixing”	category	was	associated	with	generally	higher	wind	speeds,	which	
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cause	increased	mechanical	turbulence	leading	to	deeper	nocturnal	mixing	layers	(i.e.,	hinder	
the	development	of	a	shallow	nocturnal	inversion	layer).	
	
Figure	4-4	Mean	hourly	diurnal	composite	(a)	radon,	(b)	wind	speed,	(c)	wind	direction,	and	(d)	dew	point	temperature	at	
ATARS,	as	a	function	of	radon-based	nocturnal	mixing	categories.	
Gas	and	Aerosol	measurements	
The	 campaign	 average,	 standard	 deviation,	 median	 and	 Q25/Q75	 values	 for	 the	 major	
gaseous	and	aerosol	species	are	shown	in	Table	4-1.	The	median	values	for	each	species	are	
likely	 to	 be	 representative	 of	 background	 concentrations	 in	 this	 region.	 The	 average	
concentrations	 for	most	 species	were	higher	 than	 the	median	 concentrations,	 due	 to	 the	
periods	 of	 close	 or	 intense	 fires.	 The	 extent	 of	 the	 influence	 of	 these	 close	 fires	 are	
demonstrated	by	the	maximum	concentrations.		
	
	
	
	
	
	 105	
Table	4-1	The	campaign	average,	standard	deviation,	maximum,	median,	Q25	and	Q75	values	for	key	measured	gas	and	
aerosol	species.	All	parts-per	notation	refer	to	mole	fractions	unless	otherwise	indicated.	
Species	(unit)	 Average	
Standard	
deviation	
Maximum	 Median	 Q25	 Q75	
CO	(ppb)	 229	 494	 18900	 130	 87	 214	
CO2	(ppm)	 404.68	 11.539	 513.578	 402.454	 394.728	 411.299	
O3	(ppbv)	 24.616	 9.903	 99.784	 22.771	 17.896	 29.778	
CH4	(ppb)	 1839.88	 68.06	 3766.81	 1820.11	 1802.26	 1852.97	
N2O	(ppb)	 326.329	 0.449	 334.871	 326.276	 326.121	 326.444	
GEM	(ng	m-3)	 0.992	 0.081	 1.734	 0.986	 0.952	 1.020	
Acetonitrile	
(ppb)	
0.351	 0.629	 9.775	 0.197	 0.129	 0.337	
Organics	(ug	m-3)	 11.081	 22.385	 347.657	 4.160	 2.335	 13.279	
SO42-	(ug	m-3)	 0.514	 0.318	 2.254	 0.411	 0.294	 0.679	
NH4+	(ug	m-3)	 0.351	 0.676	 18.17	 0.180	 0.096	 0.415	
NO3-	(ug	m-3)	 0.187	 0.456	 10.925	 0.042	 0.004	 0.189	
Cl-	(ug	m-3)	 0.166	 1.271	 53.270	 0.029	 0.016	 0.076	
PNC	(cm-3)	 8182	 19031	 40300	 2032	 2032	 8335	
Mode	 diameter	
(nm)	
104	 31	 -	 102	 85	 122	
Geom.	SD	 1.71	 0.13	 -	 1.70	 1.65	 1.75	
	
In	order	to	demonstrate	the	influence	of	close	fires	and	the	changing	inversion	layer,	the	time	
series	 of	 major	 greenhouse	 gases	 (CO,	 CO2,	 CH4	 and	 N2O),	 gaseous	 elemental	 mercury,	
acetonitrile	and	ozone	throughout	the	campaign	are	shown	in	Figure	4-5.	Sub-micron	non-
refractory	aerosol	organic,	sulfate,	ammonium	and	nitrate	mass	concentrations,	organic	mass	
fraction,	PM1	OC	and	EC	mass	concentrations	and	particle	size	distributions	for	the	sampling	
period	are	shown	in	Figure	4-6.	Periods	of	missing	data	correspond	to	times	when	instruments	
were	not	operating.	Most	of	these	time	series	display	a	clear	diurnal	trend	as	a	result	of	the	
varying	inversion	layer	height.	Other	enhancements	in	concentrations	can	be	clearly	seen	and	
correspond	to	periods	of	frequent	close	fires	(Figure	4-2).	Over	the	entire	sampling	period	
from	the	29th	of	May	2014	until	the	28th	of	June	2014,	four	BB	related	periods	(BBP)	and	a	
"coastal"	period	(CP)	have	been	distinguished.	The	dates	for	these	periods	are	shown	in	Table	
4-2.	These	periods	are	also	displayed	in	Figure	4-6	and	Figure	4-7.		
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Table	4-2	The	start	and	end	dates	for	the	four	identified	Biomass	Burning	Periods	(BBP1,	BBP2,	BBP3	and	BBP4)	and	the	
Coastal	Period	(CP).	
Period	 Start	date	
(mm/dd/yy	hh:mm)	
End	date	
(mm/dd/yy	hh:mm)	
BBP1	 05/30/14	00:00	 05/31/14	23:59	
BBP2	 06/06/14	00:00	 06/12/14	23:59	
BBP3	 06/14/14	00:00	 06/17/14	23:59	
CP	 06/19/14	12:00	 06/22/14	23:59	
BBP3	 06/23/14	00:00	 06/28/14	23:59	
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Figure	4-5	The	time	series	of	the	major	measured	gaseous	species	during	the	SAFIRED	campaign,	with	time	resolutions	
indicated	in	parentheses:	(a)	carbon	monoxide	(3	minutes),	(b)	carbon	dioxide	(3	minutes),	(c)	methane	(3	minutes),	(d)	
nitrogen	dioxide	(3	minutes),	(e)	gaseous	elemental	mercury	(1	hour),	(f)	acetonitrile	(3	minutes)	and	(g)	ozone	(1	minute)	
and	∆O3/∆CO	(3	minutes).	The	biomass	burning	and	coastal	periods	are	indicated	by	the	red	dotted	lines.	All	parts-per	
notation	refer	to	mole	fractions	unless	otherwise	indicated.	
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Figure	4-6	The	times	series	of	the	major	aerosol	properties	during	the	SAFIRED	campaign,	,	with	time	resolutions	indicated	
in	 parentheses:	 (a)	 the	non-refractory	 PM1	organic	mass	 concentration	 (3	minutes;	 left)	 and	organic	mass	 fraction	 (3	
minutes;	right),	b)	the	inorganic	non-refractory	PM1	mass	concentrations	(3	minutes),	(c)	the	12-hour	filter	OC	and	EC	PM1	
mass	concentrations	(left)	and	the	ratio	of	OC	to	OC+EC	(right),	(d)	the	particle	size	distributions	and	particle	size	mode	(5	
minutes;	 left)	 and	 the	 total	 particle	 number	 concentration	 (5	minutes;	 right)	 and	 (e)	 the	wind	 direction	 at	 ATARS	 (1	
minute).		
Over	 the	 campaign	 organics	 dominated	 the	 non-refectory	 sub-micron	 aerosol	 mass	
contributing,	on	average	90%	(median;	86%)	of	the	total	mass.	Sulphate,	nitrates,	ammonium	
and	chloride	species	contributed	the	rest	of	this	mass,	with	the	 largest	contributions	from	
sulphate	 and	 ammonium.	 Sulphate	 contributions	were	 very	 significant	 during	 the	 coastal	
period,	contributing	up	to	32%	of	the	total	mass.	Although	chlorides	contributed	the	least	to	
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the	total	mass,	on	average,	during	clear	BB	events	where	sharp	increases	in	CO	and	organics	
were	observed,	chlorides	made	up	the	largest	component	of	inorganic	aerosol.	The	maximum	
chloride	 concentration	 during	 the	 campaign	 reached	 53	 µg	m-3.	 High	 soil	 and	 vegetation	
chloride	contents	have	been	observed	in	savannah	and	coastal	environments	(Lobert	et	al.,	
1999;Andreae	et	al.,	1996).	The	strong	elevations	of	chloride	signals	observed,	particularly	
during	burning	events	BBP1,	BBP2	and	BBP4	are	likely	a	result	of	emission	of	these	chloride	
ions.	Outside	 of	 the	 "burning	 events"	where	 very	 sharp	 increases	 in	 concentrations	were	
observed,	 chloride	 concentrations	were	 very	 low.	 This	 either	 suggests	 that	 these	 chloride	
species	are	short-lived,	or	only	present	in	fires	very	close	to	the	coast	and	therefore	the	ATARS	
site.		
	
Particle	size	distributions	were	unimodal	for	the	majority	of	the	sampling	period	with	a	mode	
of	 approximately	 100	 nm	 on	 average	 (see	 Figures	 4-6d	 and	 4-7).	 The	 SMPS	 was	 not	
operational	during	BBP1.	Although	the	shape	of	the	BBP4	size	distribution	was	similar	to	the	
campaign	average,	concentrations	were	much	higher	and	a	result	of	close	fires.	BBP2	had	a	
slightly	 larger	size	distribution	centered	on	110	nm.	The	size	distribution	during	BBP3	was	
slightly	smaller	than	the	campaign	average	and	BBP2	and	BBP4,	with	a	mode	centered	on	~95	
nm.		The	contrast	between	these	size	distributions	could	be	a	result	of	atmospheric	aging	and	
dilution	in	which	organic	mass	condenses	onto	or	evaporates	from	the	particle.	Variations	in	
fuel	 load	 or	 burning	 conditions	 could	 also	 contribute	 to	 this	 difference.	 The	 size	 and	
concentration	of	particles	during	the	Coastal	Period	(CP)	were	much	smaller	than	the	rest	of	
the	 campaign.	 There	 were	 two	 periods	 during	 CP	 where	 a	 bimodal	 size	 distribution	 was	
observed;	one	 from	approximately	3	pm	until	midnight	on	 the	19th	of	 June	and	 the	other	
between	2	pm	and	6	pm	on	the	20th	of	June.	As	mentioned	earlier,	air	masses	during	this	time	
had	a	stronger	oceanic	influence,	with	back	trajectories	in	this	period	originating	along	the	
east	coast	of	Australia	and	passing	over	very	little	land	before	arriving	at	the	station.	The	size	
distributions	for	both	of	these	periods	had	a	mode	at	approximately	20	nm	and	another	at	
approximately	 85	 nm.	 Submicron	 sulfates	 made	 up	 to	 32%	 of	 the	 total	 submicron	 non-
refractory	mass	concentrations,	as	reported	by	the	cToF-AMS	from	the	period	of	midday	on	
the	19th	of	June	until	midnight	on	the	22nd	of	June,	whereas	the	average	sulfate	contribution	
for	 the	 rest	 of	 the	 campaign	 was	 approximately	 8%.	 The	 low	 radon	 fetch,	 small	 particle	
concentrations,	bimodal	size	distributions	and	significant	contributions	of	sulfate	during	this	
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period	suggest	very	little	biomass	burning	signal	and	a	more	marine-like	aerosol.	No	particle	
nucleation	events	were	observed	over	the	entire	sampling	period	(See	Supplementary	Figure	
S2).	This	is	likely	due	to	the	elevated	particle	concentrations	acting	as	a	condensation	sink.		
	
Figure	 4-7	 The	 average	 size	 distribution	 during	 BBP2,	 BBP3,	 BBP4,	 CP	 and	 the	 campaign	 average.	 The	 SMPS	was	 not	
operational	during	BBP1.	
BBP1,	BBP2	and	BBP4	correspond	to	the	periods	when	fires	were	burning	within	10	km	of	
ATARS.	 Large	 enhancements	 of	 BB	 related	 emissions	 were	 observed	 during	 these	 three	
periods.	 There	 were	 distinct	 enhancements	 of	 all	 measured	 gaseous	 and	 aerosol	 species	
during	 these	 periods.	 Differences	 between	 the	maximum	 and	 background	 concentrations	
were	very	prominent	for	CO	(note	the	logarithmic	scale	in	Figure	4-5a),	CH4,	N2O,	acetonitrile	
(an	established	marker	for	BB)	and	organic,	nitrate	and	chloride	non-refractory	sub-micron	
aerosol	species.	Similar	enhancements	of	CH4	were	also	observed	outside	of	these	BB	periods,	
which	suggests	another	source	of	methane	in	this	region.	Only	slight	enhancements	of	GEM	
concentrations	above	background	were	observed	during	BBP2	and	BBP4.		Similar	to	much	of	
the	 rest	 of	 the	 campaign	 sampling	 period,	 the	 non-refractory	 submicron	 aerosol	 was	
dominated	by	organics,	with	 contributions	 typically	 varying	between	70%	and	95%	of	 the	
mass.	Relative	to	background	concentrations,	there	were	also	large	enhancements	of	nitrate	
and	chloride	species	during	these	periods.	While	there	were	also	enhancements	of	sulfate	
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and	ammonium	species	during	these	periods,	similar	enhancements	were	observed	outside	
of	these	periods,	again	 indicating	a	non-fire	source	of	these	species.	The	ratio	of	O3	to	CO	
concentrations	 above	 background	 (taken	 as	 10	 ppbv	 and	 66	 ppbv,	 respectively)	 gives	 an	
indication	of	the	photochemical	age	of	a	smoke	plume.	∆O3/∆CO	were	lowest	during	BBP2	
and	BBP4	(and	not	measured	during	BBP1)	relative	to	the	rest	of	the	campaign,	indicating	that	
the	BB	signals	during	these	periods	had	not	undergone	extensive	photochemical	aging	and	
are	therefore	characteristic	of	fresh	smoke.		
	
Elevated	signals	during	BBP1	were	likely	a	result	of	a	series	of	close	fires	within	5	km	ENE	of	
ATARS.	The	VIIRS	and	MODIS	sensors	on	the	SUMO	NPP,	Terra	and	Aqua	satellites	observes	
smaller	 fires	at	approximately	2	pm	on	the	30th	of	May.	Winds	were	northeasterly	during	
these	two	events.	It	is	therefore	likely	that	these	signals	were	continuation	or	evolution	of	
those	fires.	Burned	vegetation	was	also	visually	observed	the	next	morning	at	these	locations.	
The	large	burst	event	later	on	the	evening	of	the	31st	of	May	is	unlikely	to	be	associated	with	
these	fires	as	the	wind	direction	during	this	event	was	from	the	SSW	and	SSE.	Large	clusters	
of	fires	were	observed	at	approximately	100	km	and	150	km	SE	of	the	station	by	the	Terra	
and	Aqua	satellites.	The	signals	observed	during	this	event	could	be	a	result	of	the	plumes	
from	 this	 fire,	 although	 the	 possibility	 of	 a	 fire	 ignited	 after	 the	 satellite	 flyovers,	 or	 a	
combination	of	these	cannot	be	eliminated.		
	
Large	signal	enhancements	on	the	8th	of	June	during	BBP2	is	likely	a	result	of	a	cluster	of	fires	
approximately	100	km	south	east	of	the	station.	The	MODIS	sensors	on	the	Terra	and	Aqua	
satellites	observed	the	small	cluster	of	fires	along	the	back-trajectory	at	11:14	am	and	1:56	
pm.	The	source	of	BB	emissions	for	the	large	event	on	the	9th	of	June	during	this	period	is	
unclear.	Several	 fires	approximately	5	km	from	the	station	along	 the	back-trajectory	were	
detected	by	the	MODIS	sensor	on	Aqua	and	the	VIIRS	sensor	on	SUOMI	NPP	at	approximately	
2:30	pm	on	the	9th	of	June.	There	were	also	numerous	fires	detected	between	100	km	and	
200	km	southeast	along	this	trajectory.	The	signals	associated	with	this	event	could	therefore	
be	a	result	of	the	closer	fires	that	started	to	blaze	later	in	the	evening,	the	distant	fires	or	a	
combination	of	both.	
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Only	one	fire	within	20km	of	ATARS	was	observed	during	BBP3	on	the	17th	of	June.	Numerous	
fires	were	observed	further	than	20km	from	the	station	and	is	possible	that	the	signals	during	
this	period	were	more	aged.	While	photochemical	 aging	and	 coagulation	 typically	 lead	 to	
larger	particles,	particle	size	distributions	were	smaller	during	this	period	and	the	ratio	of	OC	
to	OC+EC	was	70%,	10%	lower	than	the	ratio	during	the	rest	of	the	campaign.	Whether	these	
observations	were	a	result	of	burn	conditions	or	aging	processes	(i.e.	evaporation	of	organic	
compounds	from	the	aerosol	phase)	is	unclear,	although	the	highest	∆O3/∆CO	values	during	
the	campaign	were	observed	during	BBP3,	which	 indicates	photochemical	aging	was	more	
extensive	during	this	period.		
	
One	close	fire	was	also	observed	during	CP,	however	wind	directions	during	this	period	were	
typically	 north-easterly	 and	 concentrations	 were	 therefore	 much	 lower.	 5-day	 HYSPLIT	
trajectories	also	show	that	air	mass	during	the	CP	originated	along	the	east	coast	of	Australia	
before	travelling	towards	the	sampling	station	with	very	little	terrestrial	influence.		
Close	proximity	fires	
With	numerous	fires	occurring	across	the	region	and	the	limitations	of	once-per-day	satellite	
fly-overs	and	stationary	measurements,	it	can	be	difficult	to	identify	the	exact	source	of	these	
elevated	signals.	For	a	portion	of	BBP4,	however,	fires	were	burning	within	several	kilometers	
of	ATARS	and	several	plumes	were	easily	observed	from	the	station.		The	signals	from	these	
plumes	are	shown	in	Figure	4-8.	The	observed	enhancements	between	12:30	pm	and	3:00	
pm	on	the	25th	June	during	BBP4	were	a	result	of	grass	fires	burning	approximately	1	km	
south-east	 from	the	station.	During	this	event,	 the	wind	direction	(Figure	4-8k)	was	highly	
variable,	changing	between	140°	and	80°	True	Bearing	(TB)	multiple	times.	As	a	result,	the	
sampling	changed	from	measuring	the	air	mass	with	and	without	the	plume	from	this	fire,	
which	led	to	sharp	increases	and	decreases	in	BB	related	signals	(Figure	4-8a	through	4-8j).	
Visually,	the	fire	area	and	extent	of	the	plume	was	larger	at	4:00pm	than	earlier,	however	the	
wind	direction	changed	to	north-easterly	which	directed	the	plume	away	from	the	station.		
From	4:00	pm	until	10:00	pm,	the	wind	direction	was	stable	at	approximately	50°	TB.	At	10:00	
pm,	the	wind	direction	rapidly	changed	to	directly	south	and	the	largest	enhancements	for	
the	whole	campaign	were	observed	until	approximately	2:00	am	on	the	26th	of	June.	It	is	very	
likely	that	these	signals	were	a	result	of	a	continuation	and	evolution	of	these	fires	as	the	
night	progressed.	Portions	of	a	~0.25	km2	grassland	field	within	500	m	directly	south	of	ATARS	
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were	observed	to	be	burned	upon	arrival	at	the	station	on	the	morning	of	the	26th	of	June	
and	we	 speculate	 that	 the	burning	of	 this	 field	 contributed	 to	 the	 large	enhancements	 in	
measured	BB	emissions.	The	emissions	during	this	portion	of	BBP4	are	likely	to	be	the	most	
representative	of	fresh	BB	smoke	during	the	SAFIRED	campaign.		
	
Figure	4-8	The	major	gas	and	aerosol	concentrations	measured	during	two	biomass	burning	events	within	1	km	of	ATARS	
during	BBP4.	(a)	through	(g)	and	(h)	through	(k)	are	as	per	Figures	4-5	and	4-6,	respectively.	All	parts-per	notation	or	mole	
fractions	unless	otherwise	indicated.	Time	resolutions	are	as	per	Figure	4-5	and	Figure	4-6.		
4.4	Outcomes	of	SAFIRED	
The	overall	 aim	of	 this	 study	was	 to	 investigate	 the	 characteristics	of	BB	emissions	 in	 the	
tropical	savannah	region	of	northern	Australia	during	the	early	dry	season.	For	many	gaseous	
and	aerosol	species,	elevated	signals	were	observed	for	much	of	the	month-long	sampling	
period	due	to	the	high	frequency	of	fires.	The	more	specific	outcomes	of	SAFIRED	are	outlined	
below.	
4.4.1	Emission	factors	
Australian	fires	are	responsible	for	6%	of	global	CO2	BB	emissions,	most	of	which	is	due	to	
savannah	fires	(Shi	et	al.,	2015).	Carbon	sequestering	during	regrowth	periods	is	considered	
to	 balance	 carbon	emissions	 in	 tropical	Australia	 (Haverd	 et	 al.,	 2013).	Greenhouse	 gases	
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emitted	from	savannah	fires	that	are	not	sequestered,	such	as	methane	(CH4)	and	nitrous	
oxide	(N2O),	have	been	shown	to	contribute	2-4%	of	the	annual	accountable	greenhouse	gas	
emissions	 from	 Australia	 (Meyer	 et	 al.,	 2012).	 Seasonal	 emission	 factors	 for	 the	 major	
greenhouse	 gases	 are	 important	 for	 national	 greenhouse	 gas	 inventories	 and	 in	
understanding	the	impact	of	savannah	fires.	Furthermore,	emission	factors	of	CO2	and	CO	can	
be	used	to	infer	mechanisms	behind	the	emissions	of	other	species,	such	as	the	connection	
between	particulate	matter	and	burning	conditions.	
	
The	gaseous	and	aerosol	data	for	the	sample	period	were	investigated	to	identify	BB	events	
and	determine	the	emission	factors	of	CO2,	CO,	CH4.	N2O,	as	well	as	Aitken	and	Accumulation	
mode	aerosols	and	submicron	particle	species	(organics,	sulfates,	nitrates,	ammonium	and	
chlorides)	for	several	individual	BB	events.	These	emission	factors	were	mostly	found	to	be	
dependent	 on	 the	 combustion	 conditions	 (using	 the	modified	 combustion	 efficiency	 as	 a	
proxy)	of	the	fires.	These	results	will	be	the	first	set	of	emission	factors	for	aerosol	particles	
from	savannah	fires	in	Australia.	Furthermore,	the	variability	in	emission	factors	for	different	
fires	 calls	 for	 a	 separation	 of	 single-value	 emission	 factors	 that	 are	 usually	 reported	 for	
savannah	 fires	 into	 grass	 and	 shrub	 components.	 A	 full	 discussion	 of	 these	 results	 are	
presented	in	Desservettaz	et	al.	(2016,	submitted).	
4.4.2	NMOCs	
BB	is	the	second	largest	source	of	NMOCs	globally	with	a	recent	global	estimate	of	at	least	
400	Tg	year-1,	second	only	to	biogenic	sources	(Akagi	et	al.,	2011).	BB	produces	a	complex	mix	
of	 NMOCs,	 which	 may	 be	 saturated	 or	 unsaturated,	 aliphatic	 or	 aromatic,	 and	 contain	
substitutions	of	oxygen,	sulfur,	nitrogen,	halogens	and	other	atoms.	NMOC	emission	rates	are	
strongly	tied	to	the	efficiency	of	combustion,	with	smouldering	fires	emitting	NMOC	at	higher	
rates	than	flaming	fires	(Andreae	and	Merlet,	2001).	BB	derived	NMOCs	fuel	the	production	
of	 tropospheric	 ozone	 in	 diluted,	 aged	 biomass	 burning	 plumes,	 with	 higher	 ozone	
enhancements	observed	when	BB	plumes	 interact	with	NOx-rich	urban	plumes	 (Jaffe	 and	
Wigder,	2012;Wigder	et	al.,	2013;Akagi	et	al.,	2013).	Oxidation	of	NMOCs	results	 in	 lower	
volatility	 products	 that	 partition	 to	 the	 aerosol	 phase	 and	 contribute	 significantly	 to	
secondary	organic	aerosol	(Hallquist	et	al.,	2009).	BB	produces	significant	amounts	of	semi-
volatile	 NMOC	which	 can	 be	 difficult	 to	 quantify	 and	 identify	 with	 current	measurement	
techniques.	However	recent	studies	have	shown	that	including	semi	volatile	NMOC	chemistry	
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in	 models	 improves	 the	 agreement	 between	 the	 modeled	 and	 observed	 organic	 aerosol	
(Alvarado	et	al.,	2015;	Konovalov	et	al.,	2015)	and	ozone	(Alvarado	et	al.,	2015).	High	quality	
NMOC	emission	factors	are	crucial	for	models	to	assess	the	impact	of	BB	plumes	on	air	quality	
and	climate.		
	
4.4.3	PAHs	
Polycyclic	 aromatic	 hydrocarbons	 (PAHs)	 are	 a	 group	 of	 chemicals	 that	 are	 formed	 and	
emitted	 during	 combustion	 processes.	 Globally,	 major	 sources	 include	
residential/commercial	 BB,	 open-field	 BB	 and	 vehicular	 emissions	 (Shen	 et	 al.,	 2013).	 In	
Oceania	in	2007,	31%	of	PAH	emissions	were	estimated	to	be	attributed	to	deforestation	and	
wildfires	(Shen	et	al.,	2013).	With	control	strategies	targeting	and	reducing	vehicular	emission	
of	PAHs	over	the	last	few	decades,	the	relative	contribution	of	other	emission	sources,	such	
as	savannah	fires,	has	increased	(Friedman	et	al.,	2013;Kallenborn	et	al.,	2012;Wang	et	al.,	
2016).	Although	most	of	these	emissions	are	in	the	gas-phase	(Jenkins	et	al.,	1996;Atkins	et	
al.,	2010),	the	particle-phase	PAHs,	such	as	benzo[a]pyrene	(BaP),	may	have	high	genotoxicity	
(IARC.,	2015).	However,	 field-based	studies	on	emissions	of	PAHs	from	open-field	biomass	
burning,	including	savannah	fires	remain	limited	in	Australia	(Freeman	and	Cattell,	1990). 
	
Emission	 factors	 of	 PAHs	 from	 BB	 related	 to	 savannah	 fires	 in	 northern	 Australia	 will	 be	
estimated	form	the	data	collected	during	this	campaign.	This	estimation	will	be	based	on	the	
(background	subtracted)	concentrations	of	PAHs	and	CO2	(and	CO)	during	the	events	where	
BB	 contributes	 most	 to	 these	 concentrations	 measured	 at	 the	 sampling	 site.	 The	
concentrations	of	13	major	PAHs	(gaseous	plus	particle-associated	phase)	varied	from	~	1	to	
over	15	ng	m-3	within	different	BB	events.	In	the	gas	phase,	3-	and	4-ring	compounds	typically	
contributed	 ~	 90%	 to	 the	 sum	 concentrations	whereas	 the	particle-associated	PAHs	were	
dominated	 by	 5-	 and	 6-ring	 compounds	 (>	 80%).	 Measured	 PAH	 concentrations	 were	
significantly	higher	(paired	t-test,	P	<	<0.05)	during	BB	events	E,	F	and	G.	For	these	events,	
concentrations	of	BaP	exceeded	 the	monitoring	 investigation	 level	 for	atmospheric	BaP	 in	
Australia	(National-Environment-Protection-Council-Service-Corporation,	2011),	 i.e.	0.30	ng	
m-3,	by	66%	(BB	event	E)	and	200%	(BB	events	F	and	G).	A	full	discussion	of	these	results	can	
be	found	in	(Wang	et	al.,	2016,	under	review).	
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4.4.4	Mercury	
The	atmosphere	is	the	dominant	transport	pathway	for	mercury	globally,	with	emissions	to	
the	atmosphere	from	both	natural	and	anthropogenic	origins	(Driscoll	et	al.,	2013).	Whilst	our	
understanding	of	the	natural	cycling	of	mercury	has	improved	markedly	over	the	past	decades	
(Pirrone	et	al.,	2010),	large	uncertainties	still	exist;	specifically,	global	emission	estimates	to	
the	 atmosphere	 from	BB	 currently	 range	 between	 300	 and	 600	Mg	 year-1	 (Driscoll	 et	 al.,	
2013).	 In	 the	 atmosphere,	 mercury	 exists	 as	 one	 of	 three	 operationally-defined	 species:	
gaseous	elemental	mercury	(GEM),	gaseous	oxidised	mercury	(GOM)	and	particulate-bound	
mercury	 (PBM),	each	with	differing	abundances,	 solubility	and	depositional	 characteristics	
and	 with	 in-air	 conversion	 between	 all	 three	 species	 possible	 (Lin	 and	 Pehkonen,	 1999).	
Mercury	 can	 be	 scavenged	 from	 the	 atmosphere	 through	 both	wet	 and	 dry	 depositional	
processes,	and	the	monsoonal	climate	of	northern	Australia	results	in	varying	significance	of	
each	of	these	processes	through	the	year	(Packham	et	al.,	2009).	Upon	deposition,	mercury	
may	be	stored	in	plant	tissue	via	stomatal	or	cuticular	uptake	(Rea	et	al.,	2002)	or	sequestered	
within	soils	(Gustin	et	al.,	2008).	Release	from	both	of	these	pools	is	achieved	from	burning	
events	that	may	volatilise	or	thermally	desorb	mercury	from	biomass	and	soil,	respectively	
(Melendez-Perez	et	al.,	2014).	Subsequently	this	mercury	pool	is	redistributed	through	the	
atmospheric	 pathway	 to	 ecosystems	 that	may	methylate	mercury,	 thereby	 enhancing	 its	
bioavailability	to	the	local	food	chain.		
	
SAFIRED	 represents	 the	 first	 measurements	 of	 atmospheric	 mercury	 undertaken	 in	 the	
tropical	region	of	the	Australian	continent.	The	mean	observed	GEM	concentration	over	the	
study	period	was	0.99	±	0.09	ng	m-3,	similar	to	the	average	over	that	month	(0.96	ng	m-3)	for	
5	other	Southern	Hemisphere	sites	and	slightly	 lower	than	the	average	(1.15	ng	m-3)	 for	5	
tropical	sites	(Sprovieri	et	al.,	2016).	Mean	GOM	and	PBM	concentrations	were	11	±	5	pg	m-3	
and	6	±	3	pg	m-3	respectively,	representing	0.6	–	3.4%	of	total	observed	atmospheric	mercury.	
	
Atmospheric	mercury	measurements	were	available	only	during	the	final	four	identified	burn	
events.	During	these	events,	spikes	in	GEM	concentrations	were	observed,	though	there	were	
no	significant	increases	in	GOM	or	PBM.	Emission	ratios	calculated	during	the	campaign	were	
two	orders	of	magnitude	higher	than	those	reported	by	Andreae	and	Merlet	(2001),	though	
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those	 were	 from	 scrub,	 rather	 than	 grass,	 BB	 events	 (Desservettaz	 et	 al.,	 2016).	 Future	
outcomes	 from	 the	 SAFIRED	 campaign	 will	 focus	 on	 the	 use	 of	 micrometeorological	
techniques	 and	 the	 passive	 tracer	 radon	 to	 quantify	 delivery	 of	 atmospheric	 mercury	 to	
tropical	 savannah	 ecosystems.	 ATARS	 also	 now	 serves	 as	 an	 additional	 site	 measuring	
continuous	GEM	as	part	of	the	Global	Mercury	Observation	System	(GMOS),	one	of	only	two	
tropical	observing	sites	in	the	Eastern	Hemisphere	and	the	third	such	site	located	in	Australia.	
	
4.4.5	Aging	of	aerosols	
Atmospheric	 chemistry	 and	 radiative	 forcing	 will	 depend	 on	 how	 gaseous	 and	 aerosol	
emissions	from	fires	age	as	they	move	and	interact	with	each	other	and	existing	species	in	the	
atmosphere.	BB	aerosols	can	be	involved	in	condensation	and	coagulation	(Radhi	et	al.,	2012),	
undergo	water	uptake	 (Mochida	and	Kawamura,	2004)	 form	cloud	droplets	 (Novakov	and	
Corrigan,	1996),	and	be	exposed	to	photochemical	aging	processes,	including	those	involving	
the	gaseous	components	of	fire	emissions	(Keywood	et	al.,	2011;Keywood	et	al.,	2015).	With	
a	reported	lifetime	of	3.8	± 0.8	days	(Edwards	et	al.,	2006),	BB	aerosols	are	able	to	travel	
intercontinental	distances	(Rosen	et	al.,	2000)	and	are	therefore	present	in	the	atmosphere	
long	enough	for	substantial	changes	due	to	aging.	Furthermore,	tropical	convection	is	likely	
to	 affect	 the	 aging	 of	 BB	 emissions	 in	 the	 region	 around	 ATARS,	 due	 to	 the	 immediate	
proximity	to	the	warm	waters	in	the	Timor	Sea	(Allen	et	al.,	2008).	This	 introduces	further	
uncertainty	to	the	effect	of	BB	emissions	on	radiation	flux.		
	
Primary	 organic	 aerosol	 directly	 emitted	 from	 BB	 can	 interact	 with	 NMOCs	 to	 change	
composition	 and	 mass,	 resulting	 in	 secondary	 organic	 aerosol	 (Hallquist	 et	 al.,	 2009).	
Photochemical	oxidation	of	NMOCs	occurs	during	the	daytime	by	either	hydroxyl	radicals	or	
ozone.	Ozone	is	also	typically	produced	in	the	aging	processes	of	tropical	BB	plumes	when	
NMOCs	can	oxidise	to	produce	peroxy	radicals	that	react	with	NO.	Photochemical	reactions	
also	may	lead	to	an	overall	increase	in	total	aerosol	mass	through	the	condensation	of	NMOCs	
onto	existing	particles	(Reid	et	al.,	1998;Yokelson	et	al.,	2009;Akagi	et	al.,	2012;DeCarlo	et	al.,	
2008).	 Some	 studies	 have	 shown	 the	opposite,	 i.e.,	 	 photo-oxidation	 can	 also	 lead	 to	 the	
evaporation	 of	 some	 primary	 organic	 constituents,	 resulting	 in	 an	 overall	mass	 reduction	
(Hennigan	 et	 al.,	 2011;Akagi	 et	 al.,	 2012).	 With	 thousands	 of	 organic	 compounds	 in	 the	
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atmosphere,	 each	 with	 different	 volatilities	 and	 potential	 reaction	 mechanisms,	 our	
understanding	of	 secondary	organic	 aerosol	 production	 is	 limited	 (Goldstein	 and	Galbally,	
2007;Keywood	et	al.,	2011).	Furthermore,	secondary	organic	aerosol	can	also	form	through	
aqueous	 phase	 reactions	 where	 water-soluble	 organics	 dissolve	 into	 water	 on	 existing	
particles	(Lim	et	al.,	2010).	
	
Further	analysis	into	the	aerosol	chemical	composition	will	elucidate	the	aging	of	early	dry	
season	BB	emissions.	Fractional	analysis	(e.g.,	f44	and	f60,	the	fraction	of	m/z	44	and	m/z	60	
to	all	organic	masses,	indicated	oxygenation	and	BB	sources,	respectively)	and	factor	analysis	
using	positive	matrix	factorisation	(PMF)	of	cToF-AMS	data	has	been	investigated	over	the	
entire	sampling	period.	Outside	of	the	periods	of	significant	influence	from	BB	events,	three	
PMF-resolved	organic	aerosol	factors	were	identified.	A	BB	organic	aerosol	factor	was	found	
to	comprise	24%	of	the	submicron	non-refractory	organic	mass,	with	an	oxygenated	organic	
aerosol	factor	and	a	biogenic	isoprene-related	secondary	organic	aerosol	factor	comprising	
47%	and	29%,	respectively.	These	results	indicate	the	significant	influence	of	fresh	and	aged	
BB	on	aerosol	composition	in	the	early	dry	season.	The	emission	of	precursors	from	fires	is	
likely	 responsible	 for	some	of	 the	SOA	formation.	A	 full	discussion	of	 these	results	can	be	
found	 in	 Milic	 et	 al.	 (2016).	 Future	 analysis	 will	 investigate	 the	 gas	 and	 particle-phase	
composition	for	individual	BB	events.	
	
4.4.6	Water	uptake	of	aerosols	
The	water	uptake	by	aerosols	 is	determined	by	 their	 size	and	composition,	as	well	 as	 the	
atmospheric	 humidity	 (McFiggans	 et	 al.,	 2006).	 The	 hygroscopic	 properties	 of	 all	 of	 the	
different	components	of	an	aerosol	particle	contribute	to	its	total	hygroscopicity	(Chen	et	al.,	
1973;Stokes	 and	 Robinson,	 1966).	 The	 presence	 of	 different	 water-soluble	 and	 water-
insoluble	 organics	 and	 inorganics	 will	 therefore	 strongly	 influence	 water	 uptake.	
Furthermore,	 chamber	 studies	 that	 have	 investigated	 emissions	 from	biomass	 fuels,	 both	
separately	 and	 in	 combination,	 have	 shown	 that	 the	 hygroscopic	 response	 can	 vary	
significantly	depending	on	fuel	type	(Carrico	et	al.,	2010).	Understanding	the	water	uptake	of	
atmospheric	 aerosols	 is	 further	 complicated	 when	 considering	 other	 aging	 processes	 as	
described	previously.	Nonetheless,	it	 is	important	to	characterise	the	water	uptake,	as	this	
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will,	 in	 turn,	 influence	 other	 atmospheric	 chemistry	 processes,	 radiation	 scattering	 and	
absorption	as	well	as	cloud	processing.		
	
BB	aerosols	can	act	as	cloud	condensation	nuclei	if	they	are	large	enough	for	water	to	easily	
condense	onto	their	surface,	or	 if	 the	particles	have	a	 large	affinity	 for	water	due	to	their	
composition	(Novakov	and	Corrigan,	1996).	Ultimately,	this	means	that	BB	emissions	can	lead	
to	a	higher	number	of	cloud	droplets.	This	is	important	in	reflecting	solar	radiation	and	cooling	
the	earth’s	surface.	Cloud	albedo	is	more	susceptible	to	changes	when	cloud	condensation	
nuclei	concentrations	are	relatively	low	(Twomey,	1991),	such	as	in	marine	environments	like	
the	Timor	Sea	off	the	coast	of	northern	Australia.		
	
The	water	uptake	of	aerosols	has	been	further	investigated	to	identify	the	possible	influence	
of	 early	 dry	 season	 BB	 in	 this	 region	 on	 cloud	 formation.	 The	 concentrations	 of	 cloud	
condensation	nuclei	at	a	constant	supersaturation	of	0.5%	were	typically	of	the	order	of	2000	
cm-3	and	reached	well	over	10000	cm-3	during	intense	BB	events.	Variations	in	the	ratio	of	
aerosol	particles	activating	cloud	droplets	showed	a	distinct	diurnal	trend,	with	an	activation	
ratio	 of	 40%	 ±	 20%	 during	 the	 night	 and	 60%	 ±	 20%	 during	 the	 day.	 The	 particle	 size	
distribution	and	the	hygroscopicity	of	the	particles	were	found	to	significantly	influence	this	
activation	 ratio.	 A	 full	 discussion	 of	 these	 results	 can	 be	 found	 in	 Mallet	 et	 al.	 (2016,	
submitted).	 	 Future	 analysis	 will	 elucidate	 the	 contribution	 of	 different	 BB	 aerosol	
components	on	the	hygroscopicity.		
	
4.4.7	Trace	metal	deposition	
The	deposition	and	dissolution	of	aerosols	containing	trace	metals	into	the	ocean	may	provide	
important	micronutrients	required	for	marine	primary	production.	Conversely,	the	deposition	
of	soluble	iron	can	trigger	toxic	algal	blooms,	such	as	Trichodesmium,	in	nutrient-poor	tropical	
and	subtropical	waters	(LaRoche	and	Breitbarth,	2005).	Trichodesmium	blooms	require	large	
quantities	of	soluble	iron,	of	which	aerosols	are	a	source	(Boyd	and	Ellwood,	2010;Rubin	et	
al.,	 2011).	 To	 date,	most	 studies	 have	 assumed	 that	mineral	 dust	 aerosols	 represent	 the	
primary	 source	 of	 soluble	 iron	 in	 the	 atmosphere	 (Baker	 and	 Croot,	 2010);	 however	 fire	
emissions	and	oil	combustion	are	other	likely	sources	(Ito,	2011;Schroth	et	al.,	2009;Sedwick	
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et	al.,	2007).	A	few	studies	have	shown	that	 iron	contained	in	BB	emissions	 is	significantly	
more	soluble	than	mineral	dust	(Guieu	et	al.,	2005;Luo	et	al.,	2008;Schroth	et	al.,	2009)	but,	
to	date,	no	data	exists	for	Australian	fires.		
	
The	aim	of	the	trace	metal	aerosol	component	of	SAFIRED	is	to	quantify,	for	the	first	time,	the	
fractional	 solubility	 of	 aerosol	 iron,	 and	 other	 trace	 metals,	 derived	 from	 Australian	 dry	
season	BB.	The	fractional	iron	solubility	is	an	important	variable	determining	iron	availability	
for	biological	uptake.	On	a	global	scale,	the	large	variability	 in	the	observed	fractional	 iron	
solubility	results,	in	part,	from	a	mixture	of	different	aerosol	sources.	Estimates	of	fractional	
iron	solubility	from	fire	combustion		(1	-	60	%)	are	thought	to	be	greater	than	those	originating	
from	mineral	dust	(1	-	2%)	(Chuang	et	al.,	2005;Guieu	et	al.,	2005;Sedwick	et	al.,	2007),	and	
may	vary	in	relationship	to	biomass	and	fire	characteristics	as	well	as	that	of	the	underlying	
terrain	(Paris	et	al.,	2010;Ito,	2011).	 Iron	associated	with	BB	may	provide	information	with	
respect	to	BB	inputs	of	iron	to	the	ocean	(Giglio	et	al.,	2013;e.g.	Meyer	et	al.,	2008).	The	ATARS	
provides	an	 ideal	 location	to	further	 investigate	BB	derived	fractional	 iron	solubility	at	the	
source.	The	results	from	this	study	can	be	found	in	Winton	et	al.	(2016)	and	show	that	soluble	
iron	concentrations	from	BB	sources	are	significantly	higher	than	those	observed	in	Southern	
Ocean	 baseline	 air	 masses	 from	 the	 Cape	 Grim	 Baseline	 Air	 Pollution	 Station,	 Tasmania,	
Australia	(Winton	et	al.,	2015).	Aerosol	iron	at	SAFIRED	was	a	mixture	of	fresh	BB,	mineral	
dust,	sea	spray	and	industrial	pollution	sources.	The	fractional	iron	solubility	(2	-	12%)	was	
relatively	high	 throughout	 the	campaign	and	 the	variability	was	 related	 to	 the	mixing	and	
enhancement	of	mineral	dust	iron	solubility	with	BB	species.		
	
4.5	Looking	forward	
	
While	 the	 specific	 outcomes	 of	 the	 SAFIRED	 campaign	 are	 reviewed	 above,	 the	 general	
importance	of	 this	study	can	be	discussed	 in	a	greater	context.	This	 is	 the	 first	 large-scale	
collaborative	project	undertaken	in	this	region	and	draws	on	the	resources	and	expertise	of	
most	of	Australia’s	research	 institutes	focused	on	atmosphere	chemistry	and	composition.	
Large	scale,	multidisciplinary	measurement	campaigns	 in	the	tropics,	such	as	SAFIRED,	are	
needed	to	make	distinctions	between	different	types	of	fires	in	different	regions	to	reduce	
uncertainties	in	global	climate	models	(Keywood	et	al.,	2013).	This	need	has	been	recognized	
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with	the	formation	of	global	collaborative	initiatives	promoting	interdisciplinary	collaboration	
in	 biomass	 burning	 research	 (Kaiser	 and	 Keywood,	 2015).	 As	 the	world	moves	 towards	 a	
warmer	climate,	biomass	burning	is	likely	to	increase	in	frequency	and	intensity,	and	these	
emissions	will	become	an	increasingly	 important	source	of	trace	gases	and	aerosols	to	the	
atmosphere.	SAFIRED	lays	the	foundation	for	future	measurements	at	ATARS	that	could	make	
measurements	throughout	the	whole	dry	season	and	on	a	more	long-term	scale.	Future	work	
in	 this	 region	should	 focus	on	1)	 the	detailed	characterisation	of	 individual	 fires	and	 their	
emissions,	2)	biomass	burning	emissions	throughout	the	late	dry	season	and	3)	the	vertical	
and	horizontal	transport	of	biomass	burning	emissions	in	this	region.	
	
4.6	Data	availability	
All	 data	 are	 available	 upon	 request	 from	 the	 corresponding	 authors	 (Branka	 Miljevic,	
b.miljevic@qut.edu.au;	Melita	D.	Keywood;	melita.keywood@csiro.au).	
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4.9	Supplementary	
	
Supplementary	 Figure	 S4-1	 shows	 the	 ambient	 relative	 humidity	 and	 the	 aerosol	 sample	
relative	 humidity	 after	 drying	 by	 the	 Automated	 Regenerating	 Aerosol	 Diffusion	 Dryer	
(ARADD).	The	ARADD	was	effective	in	keeping	the	sample	relative	humidity	below	40%	for	
the	entire	sampling	period.	The	two	periods	with	RH	>	40%	correspond	to	power	outages	at	
ATARS.		
	
Figure	S4-1	The	ambient	and	sample	relative	humidity	for	the	campaign.	
Supplementary	Figure	S4-2	shows	the	spectrogram	of	particle	sizes	between	1	and	40	nm.	
There	was	a	distinct	lack	of	new	particle	formation	over	the	entire	month,	likely	attributed	to	
high	particle	mass	loadings	acting	as	a	condensation	sink.		
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Figure	S4-2	The	particle	size	distributions	measured	from	1nm	up	to	40	nm,	demonstrating	no	nucleation	events.	
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Chapter	5:	Composition,	size	and	cloud	condensation	nuclei	activity	of	
smoke	from	north	Australian	savannah	fires.	
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Abstract	
	
The	vast	majority	of	Australia's	fires	occur	in	the	tropical	north	of	the	continent	during	the	
dry	season.	These	fires	are	a	significant	source	of	aerosol	and	cloud	condensation	nuclei	(CCN)	
in	 the	 region,	 providing	 a	 unique	 opportunity	 to	 investigate	 the	 biomass	 burning	 aerosol	
(BBA)	 in	 the	 absence	 of	 other	 sources.	 CCN	 concentrations	 at	 0.5%	 supersaturation	 and	
aerosol	size	and	chemical	properties	were	measured	at	the	Australian	Tropical	Atmospheric	
Research	Station	(ATARS)	during	June	2014.	CCN	concentrations	reached	over	104	cm-3	when	
frequent	and	close	fires	were	burning;	up	to	45	times	higher	than	periods	with	no	fires.	Both	
the	 size	 distribution	 and	 composition	 of	 BBA	 appeared	 to	 significantly	 influence	 CCN	
concentrations.	A	distinct	diurnal	trend	in	the	proportion	of	BBA	activating	to	cloud	droplets	
was	observed,	with	an	activation	ratio	of	40%	±	20%	during	the	night	and	60%	±	20%	during	
the	day.	BBA	was,	on	average,	less	hygroscopic	during	the	night	(κ	=	0.04	±	0.03)	than	during	
the	day	(κ	=	0.07	±	0.05),	with	a	maximum	typically	observed	just	before	midday.	Size-resolved	
composition	of	BBA	showed	that	organics	comprised	a	constant	90%	of	the	aerosol	volume	
for	aerodynamic	diameters	between	100	nm	and	200	nm.	The	photochemical	oxidation	of	
organics	led	to	an	increase	in	the	hygroscopic	growth	and	an	increase	in	daytime	activation	
ratios.	Modelled	CCN	concentrations	assuming	typical	continental	hygroscopicities	produced	
very	large	overestimations	of	up	to	200%.	Smaller,	but	still	significant	over	predictions	up	to	
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~100%	were	observed	using	AMS	and	H-TDMA	derived	hygroscopicities	as	well	as	campaign	
night	and	day	averages.	The	largest	estimations	in	every	case	occurred	during	the	night	when	
the	small	variations	in	very	weakly	hygroscopic	species	corresponded	to	large	variations	in	
the	activation	diameters.	Trade	winds	carry	the	smoke	generated	from	these	fires	over	the	
Timor	 Sea	 where	 aerosol-cloud	 interactions	 are	 likely	 to	 be	 sensitive	 to	 changes	 in	 CCN	
concentrations,	perturbing	cloud	albedo	and	lifetime.	Dry	season	fires	in	north	Australia	are	
therefore	potentially	very	important	in	cloud	processes	in	this	region.		
	
5.1	Introduction	
	
Biomass	burning	aerosol	(BBA)	can	act	as	efficient	cloud	condensation	nuclei	(CCN)	and	form	
cloud	 droplets.	 Fires	 can	 therefore	 influence	 cloud	 formation,	 growth,	 reflectance,	
precipitation	and	lifetime	(Kaufman	et	al.,	1998;Warner	and	Twomey,	1967).	The	contribution	
of	CCN	from	fires	results	in	higher	concentrations	of	cloud	droplets,	which	yield	whiter	clouds	
that	generally	survive	longer	than	clouds	with	fewer	droplets	(Platnick	and	Twomey,	1994).	
While	greenhouse	gases	and	black	carbon	emitted	 from	fires	absorb	 radiation	and	have	a	
warming	 effect,	 the	 influence	 of	 solar	 radiation	 scattering	 by	 organic	 material	 and	 the	
production	of	CCN	has	a	cooling	effect	on	the	Earth's	lower	atmosphere.	The	net	forcing	of	
carbonaceous	 combustion	 aerosol	 is	 thought	 to	 have	 an	 overall	 global	 cooling	
effect(Spracklen	 et	 al.,	 2011;Ward	 et	 al.,	 2012).	 	 The	 complexity	 arises	 from	 variability	 in	
emission	factors,	BBA	size,	composition	and	aging,	and	contributes	to	a	large	uncertainty	that	
these	fires	have	on	the	radiative	budget	(Carslaw	et	al.,	2010).	Thus	detailed	measurements	
of	 the	 physical	 and	 chemical	 properties	 of	 BBA	 from	 all	 regions	 in	 different	 seasons	 are	
essential	in	determining	their	impact	on	clouds	(Spracklen	et	al.,	2011).	Very	few	studies	have	
taken	place	within	Australia,	despite	Australia	contributing	an	estimated	15%	of	yearly	global	
burned	land	area	(van	der	Werf	et	al.,	2006).	Australian	studies	have	been	typically	focused	
on	fires	in	the	southern	continent	(Lawson	et	al.,	2015)	or	east	coast	cane	fires	(Warner	and	
Twomey,	 1967).	 The	 extent	 to	 which	 dry	 season	 fires	 in	 north	 Australia	 impact	 CCN	
concentrations	has	not	been	explored	in	detail.		
	
Most	of	central	north	Australia	is	unpopulated	and	is	characterized	by	savannah	vegetation.	
The	vast	majority	of	Australia's	fires	occur	 in	this	region.	During	the	dry	season	(May	until	
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November)	 thousands	of	 fires	burn	 via	prescribed	burning	and	 spontaneous	or	 accidental	
ignitions.	The	frequency	and	severity	of	these	fires	increases	as	the	season	progresses	from	
the	 early	 dry	 season	 to	 the	 late	 dry	 season	 (Andersen	 et	 al.,	 2005).	 Under	 Aboriginal	
management,	 fires	were	 lit	 in	 the	 late	dry	season	 in	order	 to	prepare	 for	 the	wet	season.		
These	 late	dry	 season	 fires	may	have	been	 lit	 intentionally	 to	 trigger	 the	onset	of	 rainfall	
following	the	formation	of	pyro-cumulus	clouds,	among	other	ecological	reasons	(Bowman	
and	 Vigilante,	 2001;Bowman	 et	 al.,	 2007).	 Under	 non-Indigenous	management,	 early	 dry	
season	prescribed	burns	are	commonplace	in	order	to	reduce	the	severity	of	late	dry	season	
fires	(Andersen	et	al.,	2005).	Outside	of	the	only	major	urban	center	in	this	region,	Darwin,	
prescribed	burns	are	the	dominant	source	of	accumulation	mode	aerosol	particles	(Mallet	et	
al.,	2016).	Thus	these	prescribed	burns	will	dictate	CCN	concentrations	in	the	region.		
 
The	vegetation	(fuel)	 type,	burning	conditions	and	atmospheric	aging	determines	the	size,	
composition	and	 the	hygroscopicity	of	BBA,	and	 in	 turn	 their	ability	 to	act	as	CCN.	BBA	 is	
typically	a	mixture	of	elemental	carbon,	organic	carbon	and	can	contain	inorganic	material	
(Reid	et	al.,	2005).	The	precise	organic	carbon	composition	of	primary	BBA	can	vary	greatly	
depending	 on	 the	 fuel	 type	 and	 these	 organic	 constituents	 can	 be	 weakly	 or	 highly	
hygroscopic	 (Carrico	 et	 al.,	 2010;Mochida	 and	 Kawamura,	 2004;Novakov	 and	 Corrigan,	
1996;Petters	et	al.,	2009).	The	hygroscopicity	of	BBA	can	change	with	oxidation	and	with	the	
condensation	 or	 evaporation	 of	 volatile	 organic	 compounds	 (VOCs)	 through	 atmospheric	
aging	(Hennigan	et	al.,	2011).	Smog	chamber	experiments	have	shown	that	after	a	few	hours	
of	simulated	photochemical	aging,	the	hygroscopicity	of	BBA	converges	to	weakly	hygroscopic	
for	many	different	fuel	types	(Engelhart	et	al.,	2012;	Giordana	et	al.,	2013).		
	
While	laboratory	based	measurements	are	useful	in	understanding	the	physical	and	chemical	
processes	that	can	occur	that	determine	the	hygroscopicity	and	composition	of	aerosol,	they	
do	not	necessarily	represent	ambient	conditions.	Due	to	feasibility,	however,	direct	ambient	
measurements	of	the	CCN	activity	of	smoke	plumes	are	rare	(Lawson	et	al.,	2015)	and	more	
measurements	are	useful	in	assessing	the	validity	of	climate	models.	A	previous	preliminary	
study	of	the	CCN	activity	of	savannah	fires	in	the	north	Australian	early	dry	season	reported	
moderately	hygroscopic	BBA	(Fedele,	2015),	speculating	that	the	aerosol	is	mostly	made	up	
of	aged	biomass	burning	particles	with	a	coating	of	secondary	organic	aerosol.	While	these	
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measurements	took	place	over	a	short	period,	there	was	a	discernable	slight	increase	in	the	
hygroscopicity	of	BBA	during	the	day.	Diurnal	patterns	in	hygroscopicity	have	been	observed	
in	boreal	environments	(Paramonov	et	al.,	2013)	and	in	the	southeast	United	States	(Cerully	
et	al.,	2015),	attributing	increases	in	daytime	hygroscopicity	to	the	photochemical	oxidation	
of	organic	aerosol.	
	
Some	 studies	 suggest	 that	 the	 impact	 of	 composition,	 and	 therefore	 changes	 in	 BBA	
hygroscopicity	due	to	photochemical	aging,	on	CCN	concentrations	is	much	lower	than	the	
impact	from	the	aerosol	size	distribution	(Dusek	et	al.,	2006;	Petters	et	al.,	2009;	Spracklen	et	
al.,	2011).	Under	this	assumption,	changes	to	the	activation	diameter	resulting	from	a	change	
in	hygroscopicity	are	less	important	than	the	size	distribution	of	the	BBA.	Other	studies	have	
shown	that	while	this	is	true	for	moderately	and	strongly	hygroscopic	particles,	cloud	droplet	
number	concentrations	are	moderately	sensitive	to	weakly	hygroscopic	particles	(Reutter	et	
al.,	2009;	Gacita	et	al.,	2016).		
	
Smoke	 from	biomass	 burning	 can	 be	 transported	over	 intercontinental	 distances	 and	 can	
reach	the	upper	levels	of	the	atmosphere	(Andreae	et	al.,	2001;Dirksen	et	al.,	2009).	Aircraft	
measurements	during	the	early	and	late	dry	season	in	north	Australia,	however,	suggest	that	
smoke	from	fires	in	this	region	are	contained	within	the	planetary	boundary	layer	(Ristovski	
et	 al.,	 2010;Kondo	et	 al.,	 2003).	 Trade	winds	 collect	 and	 carry	 this	 smoke	northwest	over	
northern	Australia,	the	Timor	Sea	and	the	tropical	warm	pool.	Cloud	albedo	is	more	sensitive	
to	 aerosol	 concentrations	 in	 pristine	 environments	 (Twomey,	 1991).	 The	biomass	burning	
that	occurs	during	the	dry	season	is	the	dominant	source	of	particles	in	north	Australia,	and	
is	therefore	likely	to	influence	aerosol-cloud	interactions	over	the	tropical	warm	pool	in	the	
Timor	Sea.		
	
This	 paper	 presents	 a	 comprehensive	 data	 set	 of	 the	 particle	 size,	 chemical	 composition,	
hygroscopicity	 and	 CCN	 properties	 of	 BBA	 generated	 from	 fires	 in	 the	 dry	 season	 in	 this	
region.	The	impact	of	BBA	size	and	hygroscopicity	on	CCN	activation	are	discussed	in	detail.	
These	parameters	will	be	useful	in	climate	models	to	assess	the	magnitude	of	climate	forcing	
by	BBA	in	aerosol-cloud	interactions.			
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5.2	Experimental	
	
Sampling	 took	 place	 at	 the	 Australian	 Tropical	 Atmospheric	 Research	 Station	 (ATARS;	
12°14'56.6"S,	131°02'40.8"E),	Gunn	Point,	in	the	Northern	Territory	of	Australia	as	a	part	of	
the	 Savannah	 Fires	 in	 the	 Early	Dry	 season	 (SAFIRED)	 campaign	 (Mallet	 et	 al.,	 2016).	 The	
research	station	is	located	near	the	tip	of	a	small	peninsula	with	close	proximity	to	the	Timor	
Sea	and	Tiwi	Islands.	The	Territory	capital,	Darwin,	lies	20	km	to	the	south	west	of	the	station.	
Savannah	vegetation	with	scarce	human	settlements	transition	over	hundreds	of	kilometers	
to	the	south	into	the	desert	regions	of	central	Australia.	Sampling	for	the	SAFIRED	campaign	
occurred	 in	 June	2014	at	ATARS.	 This	period	 is	 the	early	dry	 season	 in	 this	 region,	where	
strategic	small-scale	controlled	burns	are	performed	in	order	to	reduce	the	frequency	and	
intensities	 of	 fires	 in	 the	 late	 dry	 season	 in	 October	 and	 November.	 Despite	 sampling	
occurring	during	winter,	daily	temperatures	can	reach	well	above	30°C		such	that	accidental	
and	natural	 fires	can	also	occur.	Throughout	the	sampling	period,	 thousands	of	 fires	were	
observed	in	northern	Australia.	This	led	to	strong	biomass	burning	signatures	detected	at	the	
station,	with	numerous	instances	of	very	intense	BBA	events	from	both	distant	and	close	fires.	
A	 full	 overview	 of	 the	 campaign,	 including	 meteorological,	 gaseous	 and	 aerosol	
measurements	is	presented	in	Mallet	et	al.	(2016).		
	
Sentinel	Hotspots,	an	Australian	national	bushfire	monitoring	system,	was	used	to	investigate	
the	 number	 of	 daily	 fires	 in	 the	 region.	 Sentinel	 uses	 data	 from	 the	 MODIS	 (Moderate-
resolution	Imaging	Spectroradiometer)	sensors	onboard	the	Terra	and	Aqua	NASA	satellites	
and	the	VIIRS	(Visible	Infrared	Imaging	Radiometer	Suite)	sensor	onboard	the	NASA/NOAA	
Suomi	NPP	satellite.	These	satellites	fly	over	north	Australia	once	per	day	between	11:00	am	
and	3:00	pm	local	time.	Although	fire	locations	are	therefore	limited	to	those	that	are	burning	
during	these	times,	Sentinel	is	still	useful	in	providing	information	on	the	spread	and	number	
of	fires	burning	in	the	region.	For	this	study,	the	total	number	of	observed	fires	within	20	km	
and	50	km	of	ATARS	were	calculated	(Figure	5-1b)	for	a	qualitative	assessment	of	how	the	
smoke	from	these	fires	can	affect	cloud	condensation	nuclei	concentrations.	
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5.2.1	Instrumentation	
Aerosol	 size,	 concentration,	 composition,	 hygroscopicity	 and	 CCN	 concentration	
measurements	were	taken	to	characterise	BBA	water	uptake	and	its	potential	impact	on	cloud	
formation.	 Ambient	 aerosol	 was	 sampled	 through	 an	 automated	 regenerating	 aerosol	
diffusion	 dryer	 to	 condition	 the	 intake	 to	 below	 40%	 relative	 humidity.	 PM1	 filters	 were	
collected	 on	 a	 TAPI	 602	 Beta	 plus	 particle	measurement	 system	 (BAM)	 for	 an	 analysis	 of	
elemental	and	organic	carbon.	A	Scanning	Mobility	Particle	Analyzer	(SMPS)	made	up	of	a	TSI	
3071	electrostatic	classifier	and	TSI	3772	Condensation	Particle	Counter	(CPC)	was	used	to	
determine	the	particle	size	distributions	and	number	concentrations	between	14	nm	and	650	
nm	with	a	5	minute	averaging	time.	A	Cloud	Condensation	Nuclei	Counter	(CCNC)	was	used	
to	measure	total	cloud	droplet	concentrations	at	a	supersaturation	of	0.5%	every	10	seconds.	
A	Hygroscopicity	Tandem	Differential	Mobility	Analyser	(H-TDMA)	alternated	measurement	
of	the	hygroscopic	growth	factor	(HGF;	D/Dd)	of	ambient	50	and	150	nm	size	selected	particles	
exposed	to	a	relative	humidity	of	90%	(Johnson	et	al.,	2004).	
	
An	Aerodyne	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	 (cToF-AMS)	was	used	 to	
determine	the	size-resolved	chemical	composition	of	non-refractory	sub-micron	aerosol	A	full	
discussion	on	the	cToF-AMS	analysis	of	the	composition	of	bulk	PM1	aerosol	can	be	found	in	
Milic	et	al.	(2016).	Briefly,	in	order	to	account	for	fragmentation	table	issues	during	periods	
of	 high	 signals	 in	which	 some	 sulphate	 species	were	misattributed	 to	 organics,	 the	 high-
resolution	AMS	analysis	toolkit,	PIKA,	was	used	to	separate	organic	and	sulphate	signals.	Data	
for	 the	analysis	of	 the	 size-resolved	 chemical	 composition	within	PIKA	were	not	 recorded	
during	 the	sampling	period	and	therefore	 the	standard	AMS	analysis	 toolkit,	Squirrel,	was	
used	with	unit	mass	resolution.	In	order	to	account	for	fragmentation	table	issues	related	to	
the	 incorrect	 assignment	 of	 organic	 and	 sulfate	 species,	 the	 size-resolved	 mass	
concentrations	for	each	species	were	scaled	by	the	ratio	of	the	mass	concentrations	reported	
by	the	PIKA	analysis	to	the	integrated	mass	concentrations	reported	by	Squirrel.	 	The	size-
resolved	composition	revealed	that	 inorganic	ammonium	and	sulphate	species	made	up	a	
greater	contribution	of	larger	particles	than	in	smaller	particles	(Figure	S5-1).	The	composition	
of	particles	between	100	nm	and	200	nm	(aerodynamic	diameter)	was	therefore	used	in	this	
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study	as	this	size	range	is	more	representative	of	aerosols	at	the	CCN	activation	diameter.	
This	is	further	discussed	in	section	5.3.3.	
	
5.2.2	Analysis	
Total	 particle	 number	 concentrations	 (PNc)	 were	 calculated	 by	 integrating	 the	 size	
distributions	 measured	 by	 the	 SMPS.	 The	 activation	 ratio	 of	 BBA	 as	 CCN	 at	 0.5%	
supersaturation	 was	 calculated	 by	 dividing	 the	 CCNc	 by	 the	 PNc.	 Apparent	 activation	
diameters	were	calculated	by	a	step-wise	integration	of	the	particle	size	distribution	from	the	
maximum	size	bin	towards	the	lower	size	bins	until	the	total	number	of	particles	exceeded	
the	total	number	of	CCN,	as	per:	
	
	 𝐶𝐶𝑁𝑐 = 𝑑𝑁/𝑑𝑙𝑜𝑔𝐷f. 𝑑𝐷fhffiV	U^KkiliVmnl^oKl^pq	U^KkiliV 	 Equation	5-1	
	
where	CCNc	is	the	total	cloud	condensation	nuclei	concentration,	N	is	the	particle	number	
concentration	for	each	size	bin,	Dp	is	the	particle	diameter,	the	upper	diameter	is	the	largest	
size	measured	by	 the	SMPS	 (650	nm)	and	the	activation	diameter	 is	 the	size	at	which	the	
particles	activate	to	cloud	droplets.	To	calculate	the	precise	activation	diameter,	a	linear	fit	
(R2	>	0.98)	between	the	cumulative	particle	number	concentrations	and	the	diameter	was	
applied	across	11	size	bins	centered	on	the	bin	 in	which	the	activation	diameter	 falls.	The	
uncertainty	in	the	activation	diameters	was	calculated	assuming	a	maximum	uncertainty	in	
the	CCN	concentrations	of	±10%	and	was	typically	of	the	order	of	7	nm.		
	
The	 apparent	 activation	 diameters	 were	 then	 used	 to	 calculate	 the	 average	 effective	
hygroscopicity	 parameter,	 κ,	 for	 each	 SMPS	 scan	 following	 κ-Kohler	 theory	 (Petters	 and	
Kreidenweis,	 2007;Petters	 et	 al.,	 2009).	 According	 to	 this	 theory,	 the	 supersaturation	
required	to	achieve	a	particular	droplet	diameter	for	any	given	particle	can	be	determined	
using:	
	
	 S(D) = D9 − D;9D9 − D;9 1 − κ exp 4σA/CMERTρE𝐷 	 Equation	5-2	
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where	S	is	the	supersaturation,	D	is	the	droplet	diameter,	Dd	is	the	dry	particle	diameter,	κ	is	
the	 hygroscopicity	 parameter,	 𝜎J/K	 is	 the	 surface	 tension	 of	 the	 interface	 between	 the	
solution	and	air	(typically	0.072	Jm-2	as	pure	water	is	assumed),	Mw	is	the	molecular	weight	
of	water,	R	is	the	universal	gas	constant,	T	is	the	temperature	(taken	as	308	K	±	3	K	in	this	
study)	and	𝜌.	is	the	density	of	water.	For	a	range	of	Dd	values,	κ	and	D	values	were	iteratively	
varied	until	the	maximum	of	the	κ-Kohler	curve	was	equal	to	0.5%,	the	supersaturation	used	
in	the	CCNC.	A	relationship	was	then	found	between	κ	and	Dd	for	the	range	of	45	nm	up	to	
160	 nm	 (Figure	 S5-2).	 This	 relationship	 was	 then	 applied	 to	 the	 calculated	 activation	
diameters	over	 the	 sampling	period	 to	 calculate	 the	BBA	κ	 values.	 The	uncertainty	 in	 the	
activation	 diameter	 of	 7	 nm	 led	 to	 a	 uncertainties	 in	 κ	 of	 ~0.05	 for	 activation	 diameters	
between	60	nm	and	80	nm,	~0.01	for	activation	diameters	between	80	nm	and	less	than	0.01	
for	activation	diameters	above	100	nm.		
	
The	value	of	κ	derived	from	the	CCNC	and	SMPS	is	the	average	for	all	particle	sizes.	If	there	is	
not	a	uniform	composition,	this	value	cannot	necessarily	be	applied	to	all	sizes	of	BBA.	All	H-
TDMA	 data	 were	 inverted	 using	 the	 TDMAinv	 algorithm	 (Gysel	 et	 al.,	 2009)	 and	 HGF	
distributions	were	kelvin-corrected	for	comparison	between	50	and	150	nm	particles	at	90	%	
relative	 humidity.	 Equation	 5-2	 was	 then	 also	 applied	 to	 the	 kelvin	 corrected	 HGF	
distributions,	thereby	providing	distributions	of	κ.	This	also	provides	an	insight	into	the	mixing	
state	of	the	BBA,	which	cannot	be	determined	from	the	CCNC	and	SMPS	measurements	in	
this	study.	
	
When	 the	 surface	 tension	 of	 pure	 water	 is	 assumed,	 κ	 is	 regarded	 as	 the	 "effective	
hygroscopicity	parameter",	which	accounts	for	changes	in	water	activity	due	to	the	solute	as	
well	as	any	surface	tension	effects	(Petters	and	Kreidenweis,	2007;Rose	et	al.,	2010;Pöschl	et	
al.,	 2009).	 The	 effective	 hygroscopicity	 parameter	 is	 therefore	 an	 indication	 of	 all	
compositional	 effects	 of	 an	 aerosol	 particle	 on	water	 uptake.	 To	distinguish	 the	potential	
effects	of	surface	tension,	values	of	0.052	J	m-2	and	0.0683	J	m-2	were	also	applied.	Mircea	et	
al.	(2005)	suggest	that	the	surface	tension	at	the	liquid-air	interface	of	a	particle	depends	on	
the	concentration	of	carbon.	The	value	0.052	J	m-2		represents	a	lower	limit	while	a	surface	
tension	of	0.0683	J	m-2	has	been	observed	for	prescribed	biomass	burning	particulate	matter	
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in	 wooded	 areas	 in	 the	 USA	 (Asa-Awuku	 et	 al.,	 2008).	 The	 impact	 of	 surface	 tension	 is	
discussed	further	in	Section	5.3.5.	
	
The	overall	hygroscopicity	of	any	given	particle	can	be	determined	by	the	volume	fraction	and	
hygroscopicity	of	each	constituent	under	 the	Zdanovskii,	Stokes	and	Robinson	assumption	
(Chen	et	al.,	1973;Stokes	and	Robinson,	1966):	
	
	 𝜅 = 𝜀^𝜅^^ 	 Equation	5-3	
	
where	 κ	 is	 the	 overall	 hygroscopicity	 and	 εi	 and	 κi	 are	 the	 volume	 fractions	 and	
hygroscopicities	 of	 each	 constituent,	 respectively.	 	 A	 modelled	 κ	 was	 constructed	 to	
determine	the	influence	of	diurnal	changes	in	organic	and	inorganic	volume	fractions,	where	
κtotal	=	εorgκorg	+	εECκEC	+	εinorganicκinorganic,	following	the	ZSR	assumption.	The	12-hour	PM1	BAM	
filters	 sampled	 from	 07:00	 until	 19:00	 (day)	 and	 from	 19:00	 until	 07:00	 (night)	 each	 day	
showed	no	difference	in	the	ratio	of	EC	to	(OC	+	EC),	and	therefore	a	constant	mass	fraction	
(EC/(EC	+	OC)	of	10%	was	applied.	εorg,	εEC		and	εinorganic	were	calculated	using	the	size-resolved	
mass	concentrations	reported	by	the	cToF-AMS	and	assumed	densities	of	1.4	g	cm-3(Levin	et	
al.,	 2014),	 1.8	 g	 cm-3	 (Bond	 and	 Bergstrom,	 2006)	 and	 1.8	 g	 cm-3	 (Levin	 et	 al.,	 2014),	
respectively.	κinorganic		and	κEC	were	taken	as	0.60	(Bougiatioti	et	al.,	2016)	and	0	(Petters	and	
Kreidenweis,	2007),	respectively.	A	night	(18:00	until	07:00)	and	day	value	of	κorg	were	varied	
in	the	applied	model	in	order	to	investigate	any	potential	changes	in	organic	hygroscopicity	
due	to	photochemistry.	
	
CCN	concentrations	were	calculated	in	order	to	test	prediction	of	CCN	concentrations	using	
aerosol	composition	and	size	distribution	in	this	region.	Activation	diameters	were	derived	
from	various	hygroscopicity	parameters	and,	again	using	Equation	5-1,	the	size	distribution	
was	 integrated	 step-wise	 from	 the	 upper	 size	 limited	 measured	 in	 the	 SMPS	 until	 the	
activation	diameter	was	reached.	The	same	process	used	to	calculate	the	precise	activation	
diameters	 earlier	was	used	 to	 calculate	 the	precise	CCN	 concentrations.	 This	 process	was	
carried	 out	 for	 the	 modelled	 hygroscopicity	 from	 the	 size-resolved	 cToF-AMS	 data,	 the	
measured	 hygroscopicity	 distribution	 from	 the	 H-TDMA	 as	 well	 as	 various	 constant	
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hygroscopicity	values.	The	constant	values	selected	were	0.05,	0.1,	0.2,	0.3	and	a	day	and	
night	value	of	0.071	and	0.035,	respectively.	0.05	represents	the	campaign	average	effective	
hygroscopicity.	The	day	and	night	values	 represent	 the	campaign	average	values	obtained	
from	the	SMPS-CCNC	measurements.	The	values	of	0.1	and	0.2	represent	commonly	observed	
hygroscopicities	 for	BBA	 in	other	regions	and	 in	 laboratory	measurements	Engelhart	et	al.	
(2012).		The	global	mean	values	of	κ	have	been	estimated	to	be	0.27	±	0.21	for	continental	
aerosols	 (Pringle	 et	 al.,	 2010).	 It	 has	 been	 suggested	 that	 it	 is	 suitable	 to	 assume	 this	
continental	average	(κ	~	0.3)	to	make	first	order	predictions	of	CCN	activity	(Rose	et	al.,	2011).	
Modelling	CCN	concentrations	using	these	methods	and	assumed	hygroscopicity	values	will	
verify	whether	 such	 values	 are	 suitable	 in	 predicting	CCN	activity	 in	 regions	 like	northern	
Australia.		
	
In	order	to	investigate	the	CCN	activity	of	BBA,	four	days	of	unpolluted	and	coastal	conditions	
(19/06/2014	-	22/06/2014)	were	removed	from	the	majority	of	the	analysis.	Furthermore,	
the	SMPS	was	only	operational	 from	04/06/2014.	Analysis	of	CCNc,	PNc,	activation	ratios,	
median	 particle	 diameters,	 apparent	 activation	 diameters	 and	 the	 average	 effective	
hygroscopicity	parameters	are	therefore	only	presented	for	data	collected	after	this	date.		
	
5.3	Results	and	Discussion	
	
5.3.1	BBA	contribution	to	CCN	
Figure	5-1	shows	the	CCN	concentrations	(SS	0.5%)	measured	at	the	ATARS	over	the	campaign	
sampling	period	in	June	2014	as	well	as	the	frequency	of	fires	that	were	observed	via	satellite	
hotspots	each	day	within	20	km	and	50	km	of	the	station.	Air	mass	back	trajectories	were	
typically	from	the	southeast,	as	were	the	location	of	the	fires	(Mallet	et	al.,	2016).	The	period	
between	the	19th	and	23rd	of	June	was	characterized	by	relatively	low	CCN	concentrations	
due	to	air	originating	from	the	coastal	waters	of	eastern	Australia,	which	passed	over	minimal	
continental	 area	 before	 arriving	 at	 the	 ATARS.	 As	 already	 mentioned,	 these	 dates	 were	
subsequently	excluded	from	the	data	analysis	as	the	focus	of	this	study	was	on	the	impact	of	
BBA	on	CCN.	The	highest	PNc	and	CCN	concentrations	were	associated	with	large	BB	events.	
PNc	concentrations	of	up	to	400000	cm-3	and	CCN	concentrations	of	up	to	18000	CCN	cm-3	
were	observed	during	these	periods.		
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Figure	5-1	The	time	series	of	a)	total	cloud	condensation	nuclei	concentrations	(CCN)	at	0.5%	supersaturation	and	b)	the	
total	number	of	fires	satellite-observed	fires	within	10	km	(red)	and	20	km	(green)	of	the	sampling	location.	
Although	 the	PNc	and	CCN	concentrations	were	highest	during	BBA	events,	 these	periods	
were	characterized	by	the	lowest	hygroscopicity	and	activation	ratios	(ratio	of	CCNc	to	PNc	
as	 low	as	4%).	 	 This	 is	 further	discussed	 in	 Section	5.3.3.	Activation	 ratios	 typically	 varied	
between	30%	and	80%,	corresponding	to	CCN	concentrations	between	1500	cm-3	and	6000	
cm-3.	This	contrasts	observed	activation	ratios	of	over	80%	in	BBA	from	dry	season	savannah	
fires	in	tropical	southern	Africa	during	the	SAFARI	2000	campaign	(Ross	et	al.,	2003),	despite	
lower	supersaturations	of	~0.3%.	The	size	distributions	of	BBA	observed	during	SAFIRED	had	
a	 count	median	diameter	of	107	nm	±	25	nm,	while	 the	median	diameters	were	 typically	
above	150	nm	in	the	SAFARI	2000	campaign,	which	could	explain	the	lower	activation	ratios	
observed	here.	The	size	distributions	observed	in	this	study	were	typically	smaller	than	those	
observed	in	aged	and	regional	BBA	on	other	continents	(Reid	et	al.,	2005).	When	particles	are	
smaller,	 the	 critical	 diameter	 for	 cloud	 droplet	 formation	 becomes	more	 important.	 It	 is	
therefore	crucial	to	 investigate	the	 impact	of	composition	on	the	activation	diameter,	and	
thus	CCN	concentrations.	
	
5.3.2	Diurnal	trends	in	BBA	
Diurnal	patterns	in	the	BBA	PNc,	CCNc,	size	and	activation	ratio	and	activation	diameter	are	
shown	in	Figure	5-2.	For	most	of	the	campaign,	particle	size	distributions	were	unimodal	and	
therefore	the	median	and	mode	of	these	distributions	are	used	here	to	represent	the	particle	
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size.	The	highest	concentrations	of	CCN	were	observed	during	the	night	when	they	were	also	
the	most	variable	(Figure	5-2a).	This	is	likely	a	result	of	prescribed	burns	occurring	later	in	the	
day	or	evening	as	well	as	a	lower	inversion	layer	during	the	night.	Interestingly,	the	activation	
ratio	 also	 follows	a	distinct	 diurnal	 trend	with	~40%	±	20%	of	BBA	acting	 as	CCN	at	 0.5%	
supersaturation	 during	 the	 night	 and	 ~60%	 ±	 20%	 during	 the	 day	 (Figure	 5-2b).	 Smaller	
particles	were	typically	seen	during	the	day	than	during	the	night	(Figure	5-2c),	indicating	that	
it	was	the	change	in	the	particle	activation	diameter	(Figure	5-2d)	that	was	responsible	for	
this	increase	in	daytime	activation	ratios.		
	
Figure	 5-2	 The	 diurnal	 trends	 of	 a)	 the	 total	 cloud	 condensation	 nuclei	 concentration	 (CCNc)	 and	 particle	 number	
concentration	 (PNc),	 b)	 the	 activation	 ratio	 at	 0.5%	 supersaturation,	 c)	 the	 median	 and	 mode	 of	 the	 particle	 size	
distribution	and	d)	the	apparent	activation	diameter.	All	reported	values	are	the	median	of	the	hourly	averaged	data	for	
the	sampling	period	and	the	error	bars	represent	the	standard	deviation.		
The	hygroscopicity	of	BBA	derived	from	the	size-resolved	AMS,	CCNC/SMPS	and	the	H-TDMA	
followed	a	distinct	diurnal	trend	(Figure	5-3).	The	CCNC-derived	hygroscopicity	(Figure	5-3a)	
during	the	night	time	(defined	as	18:00	until	07:00	local	time)	was	generally	very	stable	and	
constant	over	the	sampling	period	at	0.03	±	0.03.	Daytime	hygroscopicity	(07:00	until	18:00)	
was	 typically	 higher	 with	 much	 more	 variability	 at	 0.07	 ±	 0.05.	 H-TDMA-derived	
hygroscopicities	 for	 150	 nm	 diameter	 particles	 (Figure	 5-3d)	 agreed	 very	well	 with	 these	
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values,	 although	a	much	higher	 variability	was	observed	around	noon.	 The	hygroscopicity	
distributions	of	50	nm	diameter	particles	 followed	a	 similar	 trend	but	were,	 interestingly,	
slightly	 higher	 than	 the	 150	 nm	 distributions.	 The	 variability	 in	 hygroscopicity	 for	 50	 nm	
diameter	particles	is	much	greater	than	for	150	nm	particles,	due	to	lower	concentrations	at	
50	nm.	Hygroscopicity	distributions	 for	both	50	nm	and	150	nm	aerosols	during	 the	night	
indicate	a	strong	internal	mixture	(without	ruling	out	an	external	mixture	of	particles	with	the	
same	 hygroscopicity)	 of	 very	weak	 hygroscopic	 BBA,	 and	 during	 the	 day	 an	 increase	 and	
broadening	 of	 the	 hygroscopicity	 mode,	 suggesting	 an	 external	 mixture	 of	 slightly	 more	
hygroscopic	particles.	The	size-resolved	AMS	hygroscopicity	values	were	calculated	assuming	
κorg	of	0.02	and	0.08	during	the	night	and	day,	respectively.	The	organic	volume	fraction	was	
invariable	 (see	 section	 5.3.3),	 therefore	 the	 increase	 and	 decrease	 at	 sunrise	 and	 sunset,	
respectively,	 is	driven	by	 the	choice	of	night	and	day	organic	hygroscopicity	values.	These	
values	were	selected	as	they	gave	the	best	agreement	between	the	modelled	and	measured	
CCN	concentrations,	which	is	discussed	further	in	Section	5.3.4.	
	
Literature	 on	 the	 diurnal	 variability	 of	 BBA	 hygroscopicity	 is	 rare.	 Diurnal	 and	 afternoon	
averages	of	κ	for	BBA	in	the	Amazonian	dry	season	have	been	reported	as	0.048	and	0.072,	
respectively	(Gacita	et	al.,	2016;	Rissler	et	al.,	2006;	Vestin	et	al.,	2007),	consistent	with	the	
results	presented	here.	A	short	study	(Fedele,	2015)	carried	out	in	2010	at	the	ATARS	also	
reported	κ	values	in	the	early	dry	season	over	a	period	of	two	weeks.	They	showed	κ	values	
mostly	between	0.05	and	0.1	for	supersaturations	of	0.38%,	0.68%	and	0.96%,	with	the	higher	
values	generally	occurring	during	the	day.	They	directly	measured	the	critical	diameter	and	
used	 an	 approximation	 presented	 in	 Petters	 and	 Kreidenweis	 (2007)	 to	 calculate	 κ.	 This	
approximation	 is	more	 appropriate	 for	 κ	 values	 over	 0.2,	which	means	 that	 the	 reported	
values	between	0.05	and	0.1	were	slightly	overestimated	and	would	 likely	be	more	 in	 line	
with	the	BBA	hygroscopicity	observed	in	this	study.	Although	a	detailed	chemical	analysis	was	
not	done	during	that	study,	these	similar	values	of	κ	suggest	that	these	observations	could	be	
representative	of	early	dry	season	fires	in	this	region.	
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Figure	5-3		The	diurnal	trends	of		a)	the	CCNC-derived	effective	hygroscopicity	parameter,	b)	the	H-TDMA	derived	kelvin-
corrected	hygroscopicity	distributions	of	50	nm	particles,	c)	the	AMS-derived	hygroscopicity	parameter	for	aerodynamic	
diameters	between	100	nm	and	200	nm,	assuming	κorg	of	0.02	and	0.08	during	the	night	and	day,	respectively		and	d)	the	
H-TDMA	derived	kelvin	corrected	hygroscopicity	distributions	of	150	nm	particles.	The	black	dots	on	b)	and	d)	represent	
the	hourly	median	hygroscopicity	values	and	the	error	bars	represent	the	standard	deviation.	
5.3.3	BBA	composition	
The	activation	ratio	as	a	function	of	the	effective	hygroscopicity	parameter,	κ,	as	calculated	
from	equations	5-1	and	5-2,	with	colors	indicating	the	median	particle	mobility	diameter,	is	
displayed	in	Figure	5-4.	This	figure	clearly	demonstrates	that	both	the	size	and	composition	
of	 the	 BBA	 can	 have	 a	 significant	 effect	 on	 CCN	 activation.	 For	 example,	with	 a	 constant	
particle	size	increases	the	CCN	activation	ratio	from	below	20%	to	above	80%.	For	a	constant	
κ	of	0.05	and	an	increase	in	the	particle	median	diameter	from	60	nm	up	to	140	nm,	the	CCN	
activation	ratio	increases	by	approximately	50%.	The	effect	of	composition	appears	to	have	
less	of	an	influence	at	higher	hygroscopicities,	with	the	size	being	the	determining	factor	in	
CCN	activation	above	a	κ	of	0.1.	For	very	weakly	hygroscopic	(κ	<	0.05)	BBA,	the	sensitivity	of	
particle	size	was	less	prominent,	with	an	activation	ratio	increase	of	~0.3%	nm-1,	compared	to	
a	 ~0.7%	nm-1	 increase	when	 κ	 >	 0.05.	 These	 findings	 support	 the	 idea	 that	 cloud	droplet	
number	concentrations	are	sensitive	to	composition	at	low	hygroscopicities	(Reutter	et	al.,	
2009).	 Neglecting	 the	 effect	 of	 BBA	 composition	 in	 this	 case	would	 lead	 to	 difficulties	 in	
appropriately	quantifying	CCN	activation.		
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Figure	5-4	The	activation	ratio	(CCNc/PNc)	as	a	function	of	the	effective	hygroscopicity	parameter,	κ.	The	colours	represent	
the	median	particle	mobility	diameter.		
In	order	to	understand	the	underlying	causes	of	the	variations	in	the	hygroscopicity,	the	size-
resolved	 chemical	 composition	 was	 investigated.	 For	 bulk	 PM1	 composition,	 there	 was	 a	
distinct	 increase	 in	 the	 inorganic	mass	 fractions	 during	 the	 day	 due	 to	 an	 enrichment	 of	
ammonium	 and	 sulphate	 species.	 The	 size-resolved	 composition,	 however,	 revealed	 that	
these	inorganic	species	were	more	present	on	larger	particles	and	had	a	daerodynamic	mode	at	
approximately	350	nm,	while	organics	had	a	mode	at	approximately	250	nm.	This	observation	
is	 consistent	 with	 other	 studies	 that	 show	 that	 smaller	 particles	 are	more	 enriched	with	
organics	 (Levin	 et	 al.,	 2014;Rose	 et	 al.,	 2011;Gunthe	 et	 al.,	 2009).	 As	 the	 influence	 of	
composition	on	CCN	activation	is	irrelevant	at	larger	sizes,	it	is	important	to	investigate	the	
composition	at	smaller	sizes	where	the	aerosol	number	is	highest	and	the	composition	can	
affect	 the	 activation	 diameter.	 The	 size-resolved	 composition	 revealed	 that,	 within	 the	
aerodynamic	diameter	size	range	of	100	nm	to	200	nm,	organics	were	completely	dominant	
and	 the	 organic	 volume	 fraction,	 εorg,	 was	 invariable	 at	 approximately	 90%.	 The	 total	
hygroscopicity	of	BBA	observed	in	this	study	was	therefore	predominantly	influenced	by	the	
organic	hygroscopicity,	κorg.	The	increase	in	the	observed	hygroscopicity	and	the	inferred	κorg	
is	likely	a	result	of	the	photochemical	oxidation	of	the	organics.	The	aging	of	biomass	burning	
aerosol	is	discussed	in	further	depth	in	Milic	et	al.	(2016).	
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While	it	is	likely	that	most	of	the	BBA	observed	during	the	SAFIRED	campaign	had	undergone	
some	form	of	aging	(physical	or	chemical),	two	events	provided	insight	into	the	characteristics	
of	extremely	fresh	BBA	and	are	described	in	Mallet	et	al.	(2016).	During	mid-afternoon	on	the	
25th	 June,	 grass	 and	 shrub	 fires	 were	 blazing	 ~1	 km	 southeast	 of	 the	 ATARS	 site.	Wind	
directions	 during	 this	 period	 were	 very	 unstable	 and	 frequently	 altering	 between	
southeasterly	and	northeasterly.	This	resulted	in	the	sampled	air	mass	frequently	changing	
from	 the	 "fresh"	 plume	 and	 more	 background	 like	 conditions	 over	 the	 course	 of	
approximately	 4	 hours.	 During	 this	 time,	 CCN	 concentrations	 varied	 frequently	 between	
~2000	cm-3	and	~14000	cm-3.	The	activation	ratio,	median	particle	size,	activation	diameter	
and	hygroscopicity	varied	between	20%	and	60%,	80	nm	and	110	nm,	130	nm	and	80	nm	and	
0.02	and	0.08	respectively	(see	Figure	5-5).	Furthermore,	the	f44	value,	the	fraction	of	organics	
observed	at	m/z	44	to	the	total	organics	in	the	AMS,	which	gives	an	indication	of	the	level	of	
oxidation,	varied	between	0.02	and	0.15.	The	air	masses	from	the	southeast	containing	fresh	
BBA	had	 the	 lowest	 f44	while	 the	northeasterly	winds	had	a	higher	 value,	 indicating	more	
oxidised	organic	aerosol.	These	fires	continued	to	blaze	into	the	evening,	slowly	advancing	to	
within	1	km	south	of	the	ATARS	site.	Due	to	northeasterly	winds,	the	air	mass	from	this	fire	
wasn't	observed	until	approximately	10	pm	that	night	when	winds	became	southerly.	For	the	
next	 four	 hours,	 CCN	 concentrations	 peaked	 at	 ~18000	 cm-3,	 despite	 the	 activation	 ratio	
dropping	to	4%.	The	average	effective	hygroscopicity	during	this	event	dropped	to	0.003	and	
slowly	increased	over	the	period	of	the	fire	to	~0.02.	This	led	to	a	decrease	in	the	apparent	
activation	diameter	from	250	nm	to	150	nm,	subsequently	increasing	the	CCN	activation	ratio	
to	 25%.	 Whether	 this	 is	 a	 result	 of	 a	 change	 in	 the	 burning	 conditions,	 fuel	 load	 or	 a	
combination	of	both	is	unclear.	These	events	demonstrate	the	importance	of	BB	as	a	source	
of	CCN,	despite	 the	 relatively	hydrophobic	nature	of	BBA.	Furthermore,	 in	 the	absence	of	
photochemical	 aging,	 the	 slight	 variation	 in	 BBA	 hygroscopicity	 during	 the	 night	 fire	
demonstrates	the	variability	of	CCN	activation,	even	over	the	course	of	an	individual	fire.				
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Figure	 5-5	 The	 CCNc,	 activation	 ratio,	median	 particle	 diameter,	 apparent	 activation	 diameter	 and	 average	 effective	
hygroscopicity	parameter	during	two	periods	with	close	proximity	(<1	km)	fires.	
The	hygroscopicity	of	fresh	and	aged	BBA	has	been	studied	extensively	in	laboratory	smog	
chambers.	Some	studies	have	shown	that	 the	photochemical	oxidation	of	organics	 in	BBA	
leads	to	an	increase	in	hygroscopicity	(Carrico	et	al.,	2010;Petters	et	al.,	2009)	while	others	
suggest	 that	 the	 hygroscopicity	 converges	 from	 highly	 (κ	 =	 0.6)	 or	 weakly	 (κ	 =	 0.06)	
hygroscopic	 values	 to	 a	 value	 of	 approximately	 0.2	 ±	 0.1	 (Engelhart	 et	 al.,	 2012).	 The	
observation	of	the	close	proximity	fire	event	on	the	evening	of	the	25th	of	June	(Figure	5-5),	
as	well	as	the	diurnal	trends	in	the	calculated	hygroscopicity	parameter	(Figure	5-3),	indicate	
that	the	composition	of	BBA	during	the	night	is	characteristic	of	very	weakly	hygroscopic	fresh	
BBA.	 The	 increase	 in	 the	 hygroscopicity	 throughout	 the	 day	 is	 due	 to	 the	 photochemical	
oxidation	of	organics.	The	high	frequency	of	fires	during	the	early	dry	season	in	north	Australia	
likely	results	 in	the	"regional	haze"	predominantly	being	composed	of	relatively	 fresh	BBA	
with	 a	 very	 low	 hygroscopicity.	 The	 aging	 processes	 were	 observed	 to	 increase	 the	
hygroscopicity	to	~0.08	±	0.05,	which	is	the	lower	estimate	of	value	suggested	by	Engelhart	
et	 al.	 (2012)	 and	 smaller	 than	 other	 studies	 investigating	 BBA	 (Bougiatioti	 et	 al.,	 2016).	
Whether	the	hygroscopicity	would	converge	to	higher	values	in	the	absence	of	frequent	fires	
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or	as	the	smoke	travels	away	from	the	continent	is	something	that	needs	to	be	explored	in	
future	measurements.	The	f44	parameter	could	only	be	used	as	a	qualitative	measure	of	the	
degree	 of	 oxidation	 in	 this	 study,	 due	 to	 the	 varying	 nature	 of	 this	 value	 with	 different	
combustion	sources	and	the	difficulty	in	ascertaining	the	distance	from	most	fires	to	the	point	
of	 sampling.	 Future	 measurements	 that	 involve	 a	 more	 detailed	 investigation	 of	 the	
combustion	 material	 and	 degree	 of	 aging	 would	 be	 useful	 in	 establishing	 a	 quantitative	
relationship	between	the	degree	of	organic	aerosol	oxidation	and	hygroscopicity.		
	
5.3.4	Validation	of	modelled	CCN	
Detailed	temporal-spatial	measurements	of	CCN	concentrations	are	difficult	and	therefore	
assumptions	must	be	made	about	the	size-resolved	composition	and	water	uptake	for	similar	
regions	and	sources.	Many	studies	have	attempted	closure	between	composition,	size	and	
CCN	concentrations	in	order	to	assess	the	validity	of	these	assumptions	(Rose	et	al.,	2010).	
These	 studies	 typically	 agree	 that	 for	 most	 environments,	 where	 hygroscopicities	 are	
moderate,	the	size	distribution	and	number	concentration	of	particles	are	the	determining	
factor	of	CCN	concentrations	(Dusek	et	al.,	2006).	Gacita	et	al.	(2016)	however,	showed	that	
for	Amazonian	BBA	(with	measured	κ	=	0.04),	applying	an	assumed	κ	of	0.20	resulted	 in	a	
26.6%	 to	 54.3%	 overestimation	 of	 CCN	 concentrations.	 They	 suggest	 that	 κ	 values	
recommended	for	continental	and	BBA	are	too	high	to	describe	CCN	behavior	of	Amazonian	
BBA.	This	is	also	the	case	for	the	SAFIRED	campaign.		
	
Figure	 5-6	 shows	 the	 normalised	 frequency	 distributions	 of	 the	 ratio	 of	 modelled	 and	
measured	CCN	concentrations	for	five	different	compositional	scenarios,	taking	into	account	
the	 time-dependent	 size	 distributions.	 For	 a	 constant	 hygroscopicity	 of	 0.20,	 daytime	
concentrations	 were	 overestimated	 by	 15%	 to	 40%	 while	 night	 concentrations	 were	
overestimated	by	well	over	100%.	A	similar	case	is	observed	for	hygroscopicities	of	0.10	and	
0.30.	 For	 an	 assumed	 constant	 κ	 of	 0.05,	 which	 represents	 the	 campaign	 average,	 the	
modelled	 CCN	 concentrations	 slightly	 underestimate	 the	 measured	 CCN	 concentrations	
during	the	day	by	less	than	10%,	but	overestimate	the	night	CCN	by	65%.	Using	the	day	and	
night	 campaign	 averages	 of	 0.071	 and	 0.035,	 respectively,	 improved	 the	 night	 time	
concentration	to	an	overestimation	of	approximately	50%.	Using	the	time	dependent	size-
resolved	 AMS	 composition	 and	 assigning	 and	 κorg	 as	 0.08	 and	 0.02	 for	 day	 and	 night,	
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respectively,	also	provides	a	good	agreement	between	the	estimated	and	measured	daytime	
CCN	 concentrations,	 but	 again	 overestimates	 the	 night	 concentrations	 by	 70%.	 H-TDMA	
hygroscopicity	distributions	showed	that	 the	night	was	predominantly	characterised	by	an	
internal	mixture,	suggesting	that	the	disagreement	between	modeled	and	measured	CCN	is	
due	to	is	due	to	variability	in	fuel	or	burning	conditions	of	the	fires	and/or	night	time	aging.	
The	modelled	CCN	concentrations	from	both	the	50	nm	and	150	nm	H-TDMA	were	within	
10%	 during	 the	 day,	 but	 there	 were	 also	 overestimations	 of	 between	 45%	 and	 70%	
respectively.	 The	 time	 resolution	 of	 the	 H-TDMA	 limited	 the	 number	 of	 CCN	 model	
calculations	that	could	be	done,	which	introduced	more	potential	bias	for	individual	periods	
where	the	agreement	between	the	measured	and	modelled	CCN	was	worse	(or	better).	The	
difficulty	 in	 sufficiently	 modelling	 night	 time	 CCN	 concentrations	 highlights	 the	 need	 for	
further	composition	measurements	of	fresh	BBA	in	this	region.		
	
Figure	5-6	The	normalised	probability	density	functions	for	the	frequency	of	the	ratio	of	the	modelled	and	measured	CCN	
concentrations	 based	 on	 a)	 the	 150	 nm	 and	 50	 nm	 H-TDMA	 derived	 hygroscopicities	 and	 size-resolved	 cToF-AMS	
composition	 and	 b)	 the	 campaign	 average	 hygroscopicity,	 κ	 =0.05,	 typical	 BB	 hygroscopicities	 of	 0.1	 and	 0.2,	 the	
continental	average	hygroscopicity	of	0.3	and	the	day	and	night	average	effective	hygroscopicity	values	of	0.071	and	0.035,	
respectively.	The	frequency	distributions	represent	the	relative	frequency	of	a	particular	ratio	of	CCNmodelled	to	CCNmeasured,	
where	an	ideal	modelled	CCN	would	show	a	narrow	peak	centered	on	a	CCNmodelled/CCNmeasured	value	of	1.	The	Igor	Pro	
Multi-peak	Fit	analysis	feature	was	used	to	produce	smoothed	curves.		
5.3.5	Effect	of	surface	tension	
The	κ	values	reported	in	this	study	represent	the	effective	hygroscopicity	parameter,	which	
accounts	for	all	compositional	effects	on	aerosol	water	uptake	(i.e.	solubility	of	components	
and	 the	 reduction	 in	 surface	 tension	 to	 their	 presence).	 This	 study	 has	 shown	 that	 the	
effective	hygroscopicity	parameter	 increases	during	daylight	hours,	speculating	that	 this	 is	
caused	by	the	photochemical	oxidation	of	organics.	Although	surface	tension	measurements	
were	not	performed,	using	a	value	observed	in	a	previous	BB	study	of	0.0638	Jm-2	(Asa-Awuku	
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et	al.,	2008)	in	the	κ-Kohler	equation	shows	only	a	slight	decrease	in	hygroscopicity	compared	
to	using	the	surface	tension	of	pure	water	(Figures	S5-2	and	S5-3).	This	suggests	that	it	is	the	
solubility,	rather	than	the	reduction	of	surface	tension,	of	the	organics	and	inorganics	present	
in	the	BBA	that	is	responsible	for	the	water	uptake.	On	the	other	hand,	an	assumed	lower	
estimate	surface	tension	of	0.052	Jm-2	(Mircea	et	al.,	2005)	during	the	day	could	explain	the	
increase	 in	 CCN	 activation.	 Although	 models	 generally	 use	 the	 effective	 hygroscopicity	
parameter	 (Pringle	 et	 al.,	 2010)	 due	 to	 the	 ease	 of	 using	 a	 single	 parameter,	 a	 better	
understanding	of	the	precise	mechanisms	that	facilitate	the	uptake	of	water	onto	potential	
cloud	droplets	is	needed	(Noziere,	2016).		
	
5.4	Conclusions	
	
Measurements	at	ATARS	showed	a	strong	link	between	the	frequency	of	early	dry	season	fires	
and	the	concentrations	of	CCN,	indicating	that	these	fires	are	an	important	source	of	CCN	in	
northern	 Australia.	 The	 aerosol	 size	 distribution	 was	 typically	 unimodal	 with	 a	 median	
diameter	of	107	nm	and	the	BBA	was	weakly	hygroscopic	and	predominately	internally	mixed.	
These	conditions	meant	that	both	the	composition	and	size	were	important	in	determining	
the	 CCN	 activation	 of	 the	 BBA.	 A	 distinct	 diurnal	 trend	 in	 the	 ratio	 of	 activated	 cloud	
condensation	nuclei	at	0.5%	supersaturation	and	particle	number	was	observed,	with	~40%	
±	20%	of	BBA	acting	as	CCN	during	the	night	and	~60%	±	20%	during	the	day.	This	increase	in	
CCN	activity	corresponded	with	an	increase	in	the	hygroscopicity	from	0.04	±	0.03	to	0.07	±	
0.05.	 This	 was	 likely	 due	 to	 the	 daytime	 photochemical	 oxidation	 of	 organic	 compounds	
within	BBA.	While	not	investigated	in	this	study,	this	smoke	has	the	potential	to	penetrate	
into	the	upper	levels	of	the	troposphere,	particularly	as	the	dry	season	progresses,	and	it	also	
flows	over	the	Timor	Sea	where	change	in	cloud	albedo	and	lifetime	is	likely	to	be	sensitive	to	
CCN	concentration	 changes.	 In	 the	 case	of	northern	Australian	dry	 season	 fires,	 assuming	
typical	continental	hygroscopicities	of	0.10,	0.20	and	0.30	led	to	CCN	overestimates	of	10%	to	
30%	during	the	day	and	100%	to	over	150%	during	the	night.	It	is	therefore	important	that	
the	CCN	activition	can	be	better	modelled.		
	
BBA	related	CCN	concentrations	are	likely	to	be	further	enhanced	throughout	the	dry	season	
as	temperatures	increase	and	there	are	more	frequent	fires.	Long	term	monitoring	or	future	
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measurements	later	in	the	dry	season	would	allow	a	more	detailed	analysis	into	the	seasonal	
relationship	between	fire	frequency,	intensity	and	CCN.	Other	aerosol-cloud	interactions	are	
likely	to	change	as	the	season	progresses.	Higher	solar	radiation	and	relative	humidity	during	
the	 late	 dry	 season	 lead	 to	 the	 formation	 of	 pyro-cumulous	 clouds	 and	 higher	 rainfall	 in	
comparison	to	the	early	dry	season	(Bowman	et	al.,	2007).	Concurrent	aircraft	measurements	
would	be	required	to	investigate	the	penetration	and	evolution	of	smoke	into	upper	levels	of	
the	 troposphere.	Characterising	 the	presence	of	 smoke	within,	below	and	above	clouds	 is	
required	 to	 fully	understand	 the	vertical	 radiative	effect	of	 these	 fires.	The	south	easterly	
trade	winds	carry	this	smoke	over	waters	in	the	Indian	and	western	Pacific	oceans	known	as	
the	 tropical	warm	pool.	Measurements	 in	 Indonesia	 or	 on	 a	 ship	 in	 the	 Timor	 Sea	would	
therefore	also	be	useful	in	determining	the	long-range	transport	and	evolution	of	the	smoke.	
Furthermore,	 a	mobile	 sampling	 chamber	 positioned	 downwind	 of	 prescribed	 burns	 that	
occur	in	this	region,	both	during	the	day	and	night,	would	be	beneficial	in	understanding	the	
variability	of	the	composition	of	freshly	emitted	BBA.		
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5.9	Supplementary	
	
Supplementary	 Figure	 S5-1	 shows	 the	 average	 PToF	 size	 distribution	 for	 each	 species	
measured	by	the	cToF-AMS.	While	the	mode	of	organics	(right	axis)	and	nitrates	was	at	an	
aerodynamic	diameter	of	~250	nm,	the	mode	of	ammonium	and	sulphate	species	was	higher	
at	350	nm.	Because	of	this,	the	size-resolved	composition	between	100	nm	and	200	nm	was	
used,	as	this	is	most	relevant	for	CCN	activation.		
	
Figure	S5-1	The	average	size-resolved	chemical	composition	for	the	entire	sampling	period.		
Figure	 S5-2	 shows	 the	 sensitivity	 of	 temperature	 and	 the	 contribution	 of	 surface	 tension	
effects	on	the	calculated	hygroscopicity	parameter,	κ.	The	temperature	in	the	CCN	counter	
during	the	sampling	period	was	308K	±	3K.	The	surface	tension	of	0.072	Jm-2	is	that	of	pure	
water	while	 0.0683	 Jm-2	 and	 0.052	 Jm-2	are	 the	 surface	 tensions	 observed	 in	 BBA	 from	 a	
woody	fuel	(Asa-Awuku	et	al.,	2008)	and	a	suggested	lower	estimate	for	carbon-containing	
aerosol	(Mircea	et	al.,	2005),	respectively.	The	temperature	variations	of	±	3K	had	a	negligible	
impact	on	the	calculated	κ.	Taking	the	slightly	smaller	surface	tension	of	0.0683	Jm-2	resulted	
in	only	a	minor	reduction	in	the	hygroscopicity	parameter,	suggesting	that	it	is	the	solubility	
of	 the	 BBA	 components	 primarily	 responsible	 for	water	 uptake	 rather	 than	 reductions	 in	
surface	tension.	This	value	of	surface	tension,	although	observed	previously	for	BBA,	is	not	
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necessarily	applicable	for	the	BBA	observed	in	this	campaign	as	different	fuel	loads	and	burn	
conditions	 lead	 to	different	BBA	composition.	Mircea	et	al.,	 (2005)	 found	that	 the	surface	
tension	is	a	function	of	dissolved	organic	carbon	concentration	with	values	ranging	from	0.072	
Jm-2	 for	 low	 dissolved	 organic	 carbon	 concentrations	 to	 0.052	 Jm-2	 for	 dissolved	 organic	
carbon	concentrations	at	and	above	0.1	moles	l-1.	Taking	this	lower	estimate	value	of	surface	
tension	resulted	in	a	large	reduction	in	the	calculated	κ.	
	
Figure	S5-2	The	hygroscopicity	parameter,	κ,	as	a	 function	of	 the	critical	diameter,	Dp,	 for	different	 temperatures	and	
surface	tensions.	Temperatures	of	305K	and	311K	were	investigated	as	308K	was	the	average	temperature	within	the	CCN	
counter	with	a	standard	deviation	of	3K.	0.072	Jm-2	is	the	surface	tension	of	pure	water,	while	0.0683	Jm-2	and	0.052	Jm-2	
are	the	surface	tension	of	previously	observed	BBA	(Asa-Awuku	et	al.,	2008)	and	a	suggested	theoretical	minimum	surface	
tension	(Mircea	et	al.,	2005),	respectively.		
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Supplementary	Figure	S3	The	diurnal	trends	of	the	hygroscopicity	parameter,	κ,	when	assuming	different	temperatures	
and	surface	tensions,	as	discussed	in	Figure	S5-2.		
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Chapter	6:	Conclusion	
	
This	 thesis	 presents	 detailed	 physical	 and	 compositional	 characterisation	 of	 aerosols	
produced	 from	the	Great	Barrier	Reef	and	 from	tropical	 savannah	 fires	 in	north	Australia.	
These	are	two	poorly	understood	natural	sources	of	aerosols	which	have	a	role	in	radiative	
forcing	through	aerosol-cloud	interactions.	The	largest	variance	of	aerosol	forcing	arises	from	
uncertainties	in	natural	aerosol	emissions	including	biomass	burning	and	sea	spray	(Carslaw	
et	 al.,	 2013).	 Due	 to	 the	 importance	 and	 large	 uncertainty	 of	 these	 naturally	 produced	
aerosols	in	climate	processes,	there	has	been	a	call	for	more	observational	measurements,	
especially	in	Australia	and	the	Southern	Hemisphere	where	observational	measurements	are	
infrequent	(Rotstayn,	2007).	The	influence	Australia's	Great	Barrier	Reef	on	sea	spray	aerosol	
has	never	been	studied	before.	Due	to	the	vast	expanse	of	this	reef,	any	influence	it	could	
have	 on	 sea	 spray	 aerosol	 aerosol	must	 be	 characterized.	 Furthermore,	 tropical	 biomass	
burning	in	Australia	has	been	identified	as	a	priority	research	area	due	to	potentially	strong	
influences	on	the	radiative	budget	and	poorly	understood	emissions	in	current	 inventories	
(Rotstayn	et	al.,	2009).	
	
6.1	Principal	significance	of	the	findings	
	
The	composition	and	water	uptake	of	sea	spray	aerosol	generated	from	Great	Barrier	Reef	
seawater	were	investigated	in	the	first	manuscript	(Chapter	3).	Sea	spray	aerosol	composition	
has	been	studied	before,	but	never	in	a	coral	reef.	It	was	found	that	the	sea	spray	aerosol	
generated	from	Great	Barrier	Reef	seawater	samples	were	comprised	of	an	internal	mixture	
of	varying	fractions	of	sea	salt,	semi-volatile	organics	as	well	as	non-volatile	(below	550	°C)	
organics.	 The	 presence	 of	 these	 organics,	 which	made	 up	 39%	 to	 61%	 of	 60	 nm	 particle	
volume,	were	calculated	to	reduce	cloud	droplet	concentrations	by	between	6%	to	14%	when	
compared	with	pure	sea	salt.	The	performance	of	different	instruments	in	sea	spray	aerosol	
measurement	was	also	examined.	The	non-volatile	organics	were	not	able	to	be	measured	
using	a	Volatility	Tandem	Differential	Mobility	Analyzer	(V-TDMA)	and	were	not	detected	by	
the	Ultrafine-organic	TDMA.	Only	by	inferring	composition	by	the	Hygroscopicity	TDMA	were	
the	presence	of	these	non-volatile	organics	observed.	The	observation	of	both	semi-volatile	
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and	non-volatile	organics	is	therefore	important,	as	it	provides	an	idea	about	the	constraints	
of	certain	instrumental	techniques	(e.g.	using	a	V-TDMA	to	infer	organic	volume	fractions).	
Furthermore,	for	the	first	time,	a	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	(cToF-
AMS)	was	used	for	the	first	time	to	quantify	aerosol	sea	salt.	This	technique	has	only	been	
done	before	using	high	resolution	mass	spectrometry	(Ovadnevaite	et	al.,	2012).	The	organic	
mass	 spectra	 of	 SSA,	 measured	 by	 the	 cToF-AMS,	 also	 revealed	 that	 the	 composition	 of	
organics	generated	from	waters	within	and	outside	of	the	reef	are	different.	The	significance	
of	the	presence	of	non-volatile	organics	and	the	difference	in	organic	SSA		composition	from	
within	and	outside	of	the	reef	on	SSA	aging	and	CCN	activity	in	ambient	conditions	still	needs	
to	be	explored.	The	 results	 from	 this	 study	will	 support	 future	measurements	around	 the	
Great	Barrier	Reef	in	distinguishing	potential	SSA	and	secondary	marine	aerosol.		
	
An	 overview	 of	 the	 north	 Australian	 fires	 in	 the	 2014	 early	 dry	 season	 and	 subsequent	
measurements	 of	 their	 emissions	 were	 given	 in	 the	 second	 manuscript	 (Chapter	 4).	
Measurements	 took	 place	 during	 the	 SAFIRED	 (savannah	 fires	 in	 the	 early	 dry	 season)	
campaign,	when	thousands	of	fires	burned	across	the	region.	These	fires	were	observed	to	
be	 the	 dominant	 source	 of	 greenhouse	 gases	 and	 aerosols	 during	 this	 period.	 Although	
background	concentrations	were	typically	high,	11	individual	smoke	events	were	identified	
where	 extremely	 elevated	 concentrations	 of	 CO,	 CO2,	 CH4,	 N2O,	 non-methane	 organic	
compounds	 (NMOCs),	gaseous	elemental	mercury,	polyaromatic	hydrocarbons	 (PAHs)	and	
aerosol	organics	and	inorganics	were	observed.	The	emission	factors	of	all	of	these	species	
will	be	reported	for	these	individual	events	in	separate	publications	(Desservettaz	et	al.,	2016,	
submitted;Wang	 et	 al.,	 2016;Winton	 et	 al.,	 2016).	 Drawing	 on	 the	 extensive	 amount	 of	
gaseous	and	aerosol	data	 collected	outside	 these	 smoke	events,	when	 there	 is	more	of	 a	
regional	haze,	will	also	allow	a	deeper	understanding	into	the	aging	(Milic	et	al.,	2016),	cloud	
nucleating	ability	and	 impact	of	 this	smoke	 in	 the	 lower	atmosphere.	Despite	a	significant	
fraction	of	global	area	burned	each	year	due	to	Australian	fires	(van	der	Werf	et	al.,	2006),	
most	biomass	burning	emission	studies	take	place	in	Africa,	South	America	and	North	America	
(Reid	et	al.,	2005).	The	vast	majority	of	Australia's	fires	occur	during	the	dry	season	in	north	
Australia	and	this	is	the	first	large-scale	study	to	investigate	their	emissions.	
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The	water	uptake	and	cloud	nucleating	ability	of	the	smoke	from	the	north	Australian	early	
dry	season	fires	was	investigated	in	the	third	manuscript	(Chapter	5).	This	study	showed	that	
there	was	a	clear	link	between	region	fires	in	north	Australia	and	CCN	concentrations.	Both	
the	size	and	composition	of	the	smoke	particles	were	observed	to	significantly	influence	CCN	
concentrations.	 The	 average	 size	 distributions	 of	 smoke	 observed	 during	 SAFIRED	 were	
smaller	than	those	observed	elsewhere,	which	gave	rise	to	CCN	activation	being	sensitive	to	
the	 composition	 (i.e.	 hygroscopicity)	 of	 the	 smoke.	On	average,	CCN	 concentrations	were	
highest	during	 the	night	 time	due	 to	 the	 timing	of	 fires	 in	 the	 region,	however	 change	 in	
composition	 during	 the	 daytime	 increased	 the	 hygroscopicity	 of	 particles	 and	 the	 CCN	
activation	by	~20%.	These	processes	were	complex	and	a	simple	relationship	between	organic	
aerosol	oxidation	and	hygroscopicity	was	not	observed	as	it	has	been	in	other	studies	(Chang	
et	 al.,	 2010;Duplissy	 et	 al.,	 2011).	 Assuming	 a	 low	 to	 moderate	 hygroscopicity	 based	 on	
literature-based	continental	(Gácita	et	al.),	aged	smoke	(Engelhart	et	al.,	2012)	and	average	
continental	hygroscopicities	led	to	overestimates	of	CCN	concentrations	up	to	300%.	While	
the	 consensus	 is	 that	 the	 size	 is	more	 important	 than	 the	 composition	 in	 determine	CCN	
concentrations	 (Dusek	 et	 al.,	 2006),	 applying	 "typical"	 hygroscopicities"	 for	 particles	 in	
regions	like	northern	Australia	would	lead	to	large	overestimates	of	CCN.	This	highlights	the	
importance	 of	 characterisation	 of	 smoke	 hygroscopicity	 and	 size	 in	 such	 regions	 in	
constraining	uncertainties	associated	with	aerosol-cloud	interactions.	These	measurements	
will	provide	valuable	parameterisations	that	will	reduce	climate	model	uncertainties.	
	
6.2	Directions	for	future	research	
	
6.2.1	Sea	spray	aerosol	from	coral	waters	
	
While	"Sea	spray	aerosol	in	the	Great	Barrier	Reef	and	the	presence	of	non-volatile	organics"	
provided	the	first	look	at	the	composition	of	sea	spray	aerosol	in	the	Great	Barrier	Reef,	an	
expanded	methodology	would	be	extremely	beneficial.	Without	some	permanent	long	term	
measurements	of	this	marine	environment,	such	as	those	done	at	Cape	Grim,	Australia	or	
Mace	Head	in	 Ireland,	 it	 is	difficult	to	differentiate	primary	and	secondary	marine	aerosol.	
Continuing	 to	 understand	 sea	 spray	 aerosol	 from	 the	 reef	 in	 a	 simpler	 way	 is	 by	 doing	
laboratory	 simulations.	 The	 bubble	 chamber	 with	 glass	 frits	 to	 generate	 bubbles	 and	
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therefore	sea	spray	aerosol	is	only	one	technique	to	do	this.	Collins	et	al.,	(2014)	suggest	that	
different	techniques	can	result	in	different	particles	being	emitted.	Whether	this	means	that	
certain	techniques	introduce	bias	by	not	properly	simulating	sea	spray	aerosol	needs	to	be	
further	 explored.	 Other	 techniques	 include	 a	 wave	 breaking	 chamber,	 or	 pulsed	 water	
plunging,	 to	 simulate	 the	 natural	 water	 turbulence	mechanisms	 that	 occur	 in	 the	 ocean.	
Producing	 enough	 particles	 to	 easily	 make	measurements	 can	 be	 challenging	 with	 these	
techniques,	however,	and	constructing	wave-breaming	chambers	 is	not	necessarily	always	
feasible.		
	
It	would	 also	 be	 extremely	 beneficial	 to	 generate	 SSA	 from	numerous	 seawater	 samples.	
Water	samples	would	vary	by	the	location	at	which	they	were	collected	(e.g.	distance	from	
reef,	type	of	reef	etc.)	and	the	time	at	which	they	were	collected	(season	or	even	time	of	day).	
These	temporospatial	variables	would	affect	the	abundance	of	marine	organics	as	well	the	
stage	of	the	algal	and	coral	lifetime.	The	degree	to	which	water	composition	influences	the	
composition	of	SSA	is	still	uncertain.	Extremely	detailed	analysis	of	the	aerosol	phase	on	the	
water,	from	waters	containing	very	low	to	very	high	dissolved	organic	carbon	and	chlorophyll-
a,	would	 be	 essential	 in	 understanding	 this	 transfer.	 This	 could	 be	 achieved	 by	 gathering	
numerous	samples	from	within	the	Great	Barrier	Reef,	or	with	water	from	a	cultured	coral	
ecosystem.	For	feasibility	reasons,	the	latter	of	these	two	options	 is	 likely	to	be	the	easier	
option.	This	would	allow	easy	control	and	precise	measurement	of	the	water	biology	when	a	
sample	was	collected.	A	measurement	campaign	similar	 to	 this	would	be	 feasible	at	QUT,	
which	supports	more	instrumentation	and	time	than	remote	campaigns.	Full	water	biological	
and	 chemical	 analysis,	 and	 both	 real-time	 analysis	 and	 off-line	 filter	 measurements	 for	
chemical	and	electron	microscope	analyses	could	be	done	for	enough	water	samples	to	be	
able	to	perform	meaningful	statistics.	
	
"Sea	spray	aerosol	in	the	Great	Barrier	Reef	and	the	presence	of	non-volatile	organics"	also	
detailed	 the	 first	use	of	 a	 cToF-AMS	 to	quantify	 sea	 salt.	Only	 a	 small	 fraction	of	 sea	 salt	
vaporizes	and	is	therefore	detected	in	these	instruments.	A	few	studies,	including	this	one,	
demonstrate	that	despite	this	limitation,	is	it	possible	to	perform	a	calibration	to	scale	up	the	
measured	 sea	 salt	 concentration	 to	 real	 sea	 salt	 concentration.	 Briefly,	 this	 calibration	
compares	the	detected	AMS	signals	of	particular	sea	salt	 ions	and	the	total	sea	salt	mass,	
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measured	by	an	external	instrument	(e.g.	SMPS).	Although	a	very	linear	response	between	
these	 quantities	was	 observed,	 the	 calibration	was	 performed	over	 a	mass	 concentration	
range	from	10	µg/m3	up	to	30	µg/m3.	Future	calibrations	should	involve	a	much	large	range	
with	more	data	points,	especially	at	lower	concentrations	of	<1	µg/m3	where	concentration	
are	 closer	 to	 natural	 levels.	 Instrumental	 sensitivity	 should	 also	 be	 examined.	Any	 scaling	
factor	or	expression	could	be	different	if	the	instrument	(i.e.	ion	optics)	is	tuned	differently	
or	if	the	vaporizer	is	set	to	a	higher	or	lower	temperature.	The	condition	of	the	vaporizer	(e.g.	
temperature,	contamination	from	smoke	or	sea	salt)	or	the	selected	size	of	sea	salt	could	also	
influence	these.	All	of	this	should	be	quantified	so	that	the	most	appropriate	scaling	factor	
could	be	used	in	future	measurements	and	to	verify	the	repeatability	of	such	calibrations.	
	
6.2.2	Secondary	aerosol	in	the	Great	Barrier	Reef	
	
Altering	the	composition	of	sea	spray	aerosol	with	seawater	organics	is	only	one	mechanism	
in	which	the	Great	Barrier	Reef	could	influence	cloud	condensation	nuclei.	Coral	in	the	Great	
Barrier	Reef,	as	well	as	the	abundance	of	microalgae	life	surrounding	it,	release	biogenic	gases	
such	as	dimethyl	sulfide	(DMS)(Jones	and	Trevena,	2005),	which	can	nucleate	or	condense	
onto	existing	particles	 (Charlson	et	al.,	1987)	 to	create	secondary	aerosol	after	a	series	of	
multiple	 reaction	 pathways	 (von	 Glasow	 and	 Crutzen,	 2004).	 This	means	 that	 new	 cloud	
condensation	 could	 be	 created,	 or	 existing	 particles	 such	 those	 from	 sea	 spray	 aerosol,	
continental	 drift	 or	 ship	 pollution	 could	 undergo	 compositional	 changes,	 thereby	 possibly	
influencing	cloud	properties	in	this	region.	Permanent,	long-term	monitoring	stations	within	
the	Great	Barrier	Reef	and	on	the	east	coast	of	Australia	would	be	beneficial	in	understanding	
these	processes	across	all	seasons.	The	feasibility	of	multiple	long-term	monitoring	stations	
is	 low	 in	 the	 short	 term.	 An	 alternative	 is	 to	 circumnavigate	 the	 Great	 Barrier	 Reef	 on	 a	
research	vessel.	Such	a	project	 is	planned	for	spring	2016	on	board	the	RV	Investigator.	 In	
conjunction	to	extensive	water,	gaseous	and	aerosol	characterisation	on	the	research	vessel,	
land-based	measurements	will	occur	at	Mission	Beach.	These	land-based	measurements	at	
Mission	Beach,	located	at	approximately	the	middle	latitude	of	the	Great	Barrier	Reef	will	be	
valuable	 in	 characterising	 both	 the	 terrestrial	 influence	when	 air	masses	 blow	 eastwards	
towards	the	reef,	as	well	as	any	influence	from	the	reef	when	air	masses	are	westward.	With	
comprehensive	measurements	on	 the	RV	 Investigator	on	both	sides	of	 the	reef,	extensive	
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knowledge	about	the	air-sea	exchange	of	sea	salt,	biogenic	gases	and	primary	organics	will	be	
gained.	In	conjunction	to	the	bubble	bursting	measurements	carried	out	in	the	Great	Barrier	
Reef	in	winter	of	2011,	ambient	aerosol	measurements	were	collected	at	the	Heron	Island	
Research	 Station.	 This	 data	 has	 yet	 to	 be	 analyzed	 extensively,	 but	 could	 provide	
complementary	 insight	 into	 the	 processes	 that	 will	 be	 investigated	 in	 the	 upcoming	
measurement	campaign.	
	
6.2.3	Aerosol	production	in	the	southern	Pacific	Ocean	
	
A	three-week	voyage	in	Chatham	Rise	off	the	east	coast	of	New	Zealand	was	undertaken	in	
February/March	of	2012	as	a	part	of	the	Surface	Ocean	Aerosol	Production	(SOAP)	campaign.		
The	aim	of	 this	campaign	was	 to	 find	and	track	 intense	phytoplankton	blooms	and	to	 link	
water	biology	to	aerosol	properties.	Continuous	ambient	measurements	focused	on	aerosol	
organic	 composition,	 size,	 volatility	 and	 hygroscopicity.	 Additionally,	 bubble	 bursting	
measurements	were	done	using	the	same	techniques	described	in	Chapter	3,	generating	SSA	
from	seawater	samples	collected	at	the	surface	of	the	phytoplankton	blooms	and	at	various	
depths	below	the	surface.	Filter	measurements	of	the	generated	SSA	were	collected	and	FTIR	
analysis	was	done	to	investigate	the	organic	functional	groups.	With	extensive	water-phase	
organic	measurements,	links	between	the	water	and	aerosol	phase	organics	will	be	possible.	
These	types	of	measurements	are	important	in	characterising	the	influence	of	phytoplankton,	
which	 is	 ubiquitous	 around	 the	 world's	 oceans	 but	 are	 rare	 in	 the	 southern	 hemisphere	
(Cravigan	et	al.,	2015).		
	
6.2.4	North	Australian	fire	emissions	
	
The	SAFIRED	campaign,	outlined	in	Chapter	4,	"	Biomass	burning	emissions	in	north	Australia	
during	the	early	dry	season:	an	overview	of	the	2014	SAFIRED	campaign",	 is	the	first	 large	
scale	measurement	campaign	 to	occur	 in	north	Australia	during	 the	early	dry	season.	The	
ground	based	Australian	Tropical	Atmospheric	Research	Station	(ATARS)	is	well	equipped	to	
house	 numerous	 gaseous,	 aerosol	 and	meteorological	 instrumentation.	 In	 an	 ideal	world,	
ATARS	would	eventually	be	transitioned	into	a	permanent	research	station,	akin	to	the	Cape	
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Grim	Baseline	Air	Pollution	Station,	Australia's	best	equipped	monitoring	station	by	far.	The	
Cape	Grim	research	station	is	Australia's	only	station	that	is	part	of	the	World	Meteorological	
Organization	-	Global	Atmosphere	Watch	(WMO	-	GAW)	network.	GAW	have	identified	data-
poor	regions,	such	as	the	tropics,	as	key	target	areas	that	the	network	needs	to	expand	to.	
This	 would	 be	 a	 large	 undertaking,	 requiring	 large	 initial	 funding	 to	 acquire	 appropriate	
instrumentation	and	continued	support	and	staff	would	be	required	to	maintain	the	station.	
Nonetheless,	ATARS	is	in	an	advantageous	location	(i.e.	tropical	region	within	close	proximity	
to	the	tropical	warm	pool	in	the	Timor	Sea)	and	is	far	from	any	current	sampling	station.	In	
the	 meantime,	 some	 semi-permanent	 instrumentation	 measuring	 particle	 number	
concentrations	and	mercury	concentrations	have	been	installed	at	ATARS	which	require	little	
maintenance.	The	advantages	of	a	large-scale,	permanent	sampling	location	at	ATARS	would	
not	 only	 be	 beneficial	 for	 regional	 and	 global	 greenhouse	 gas	 observations,	 but	 also	 in	
understanding	the	microphysical	and	chemical	characteristics	of	fires	in	north	Australia.		
	
The	SAFIRED	campaign	occurred	in	June	2014,	which	represents	only	one	month	of	the	early	
dry	season	in	one	year.	Long-term	measurements	would	be	able	to	provide	a	detailed	account	
of	fire	emissions	throughout	the	year.	As	the	early	dry	season	transitions	 into	the	 late	dry	
season,	fires	tend	to	become	more	intense	and	more	frequent	(Andersen	et	al.,	2005),	which	
will	 likely	result	in	higher	greenhouse	gas	emissions	and	altering	the	physical	and	chemical	
state	of	particle	emissions	(Reid	et	al.	(2005)	summarise	the	effects	of	different	flaming	stages	
on	particle	formation).	Furthermore,	it	would	be	beneficial	to	observe	gaseous	and	aerosol	
characteristics	 throughout	 the	 transition	 into	 the	 wet	 monsoonal	 season	 when	 smoke	 is	
unlikely	 to	be	present	 in	 a	 large	 capacity.	 Year-to-year	 observations	would	be	 even	more	
invaluable,	 providing	 comprehensive	 knowledge	 of	 fire	 emissions	 in	 north	 Australia.	 This	
would	account	for	changes	in	strategic	fire	management	systems	and	observe	any	possible	
changes	 in	fire	frequency	and	intensity	during	transitions	to	and	from	El	Niño	and	La	Niña 
weather	patterns	and	climate	change.	 
	
Temporospatial	details	about	the	smoke	from	these	fires	also	be	useful.	Additional	aircraft	
measurements	 would	 also	 be	 extremely	 beneficial	 in	 understanding	 the	 horizontal	 and	
vertical	transport	of	the	different	aspects	of	these	emissions.	Allen	et	al.	(2008)	carried	out	
28	aircraft	measurements	in	the	north	Australian	region	from	November	2005	until	February	
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2006.	These	types	of	measurements	in	the	dry	season	would	be	needed,	as	that	study	only	
included	 the	 transition	 from	 the	 very	 late	 dry	 season	 through	 to	 the	 wet	 season.	 Ship	
measurements	performing	transects	in	the	Timor	Sea,	directly	where	air	masses	are	carried	
from	north	Australia	would	also	clearly	be	beneficial.	On	a	smaller	scale,	light	weight	sensors	
have	recently	been	developed	and	employed	on	UAVs	(unmanned	aerosol	vehicles)	(Corrigan	
et	al.,	2007;Villa	et	al.,	2016).	These	are	capable	of	flying	along	very	precise	3-dimensional	
paths,	which	could	be	used	to	investigate	different	parts	of	individual	smoke	plumes	and	track	
how	they	age.	On	this	same	line,	driving	a	heavily	equipped	vehicle	to	characterize	the	smoke	
in	real	time	could	also	be	used	to	investigate	the	precise	evolution	of	these	plumes.	This	type	
of	knowledge	is	extremely	difficult	to	ascertain	from	ground	based	measurements	due	to	the	
contribution	of	regional	haze	and	multiple	fire	sources.	It	would	only	be	possible	if	ground	
based	measurements	occurred	over	the	long-term	to	provide	good	statistics,	or	 if	detailed	
information	about	all	prescribed	and	accidental	burns	is	recorded,	which	would	be	unlikely.	
Details	about	fires	from	satellites	are	limited	to	their	once-per-day	flyovers,	but	in	conjunction	
with	extensive	knowledge	about	emission	factors	of	gaseous	and	aerosol	species	as	well	as	
how	the	age,	modelling	the	extent	of	these	fires	would	be	possible.		
	
6.2.5	The	influence	of	north	Australian	fires	on	clouds	
	
Chapter	6,	"	Composition,	size	and	cloud	condensation	nuclei	activity	of	smoke	from	north	
Australian	 savannah	 fires"	 provides	 the	 first	 link	 between	 smoke	 and	 cloud	 condensation	
nuclei	in	the	north	Australian	early	dry	season.	As	outlined	in	the	previous	section,	long	term	
measurements,	 or	 measurements	 over	 different	 seasons	 and	 years	 would	 be	 beneficial.	
Furthermore,	to	further	explore	the	link	between	these	fires	and	cloud	properties,	a	remote	
sensing	 study	 could	 be	 undertaken	 in	 a	 similar	 vein	 to	 (Brioude	 et	 al.,	 2009).	 This	 study	
investigated	the	"Effect	of	biomass	burning	on	marine	stratocumulus	clouds	off	the	California	
coast"	by	satellite	imagery	of	fires	and	clouds	to	discern	the	influence	of	these	fires	on	cloud	
albedo.	Large	scale	fire	frequency	data	over	different	seasons	and	many	years	 in	northern	
Australia	would	need	to	be	analyzed.	This	could	be	done	using	the	MODIS	and	VIIRS	sensors	
on	the	Terra,	Aqua	and	Suomi	NPP	satellites,	of	which	the	data	is	made	public	by	NASA/NOAA.	
Long-term	ground-based	observations	of	smoke	aerosol	on	conjunction	with	remote	sensing	
would	provide	an	extremely	comprehensive	understanding	of	 fires	across	 this	 region.	This	
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would	also	be	useful	in	gaining	a	better	understanding	of	the	aging	of	CCN	and	the	differences	
in	their	chemical	and	physical	properties	across	both	the	early	and	dry	late	season.	
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